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ABSTRACT
Thermal c o n d u c t i v i t y  measurements on a n io b iu m  p l a t e  o f  i n t e r m e d i a t e  
p u r i t y  (j4-s- £q ) were p e r fo rm e d  in t h e  n o rm a l ,  s u p e rc o n d u c t  i n g , and 
mixed s t a t e s .  The l a t t i c e  and e l e c t r o n i c  components o f  the  
c o n d u c t i v i t y  in  th e  s u p e r c o n d u c t in g  s t a t e  a re  s e p a ra te d .  The 
c r i t i c a l  t e m p e r a tu re  and th e  e n e rg y  gap a re  found  t o  be ™ 9 ± 0 ,1 ° K  
and 2 f ( o )  ■ 3 .96KTc , r e s p e c t i v e l y .  The t e m p e ra tu re  dependence o f  th e  
minimum in th e  the rm a l  c o n d u c t i v i t y  in  the  mixed s t a t e  su g g e s ts  a 
d e c rease  in  b o th  th e  phonon and the  e l e c t r o n  c o n d u c t i v i t i e s  j u s t  above 
The c o m p a ra t i v e  im po r ta n ce  o f  each depends on a c o m b in a t i o n  o f  
t e m p e ra tu re  range and p u r i t y  o f  t h e  sample . The s lo p e  and
uppe r  c r i t i c a l  f i e l d  p a ra m e te r  X j ( t )  a r e  f i*und t o  change w i t h  
te m p e r a t u re  much f a s t e r  than  p r e d i c t e d  by r e l e v a n t  t h e o r i e s .
The te m p e ra tu re  dependence o f  t h e  m a g n e t o c a l o r i c  e f f e c t ,  i t s  
d i s t r i b u t i o n  o v e r  th e  mixed s t a t e  and t h e  m a g n e t i z a t i o n  were measured i 
a n io b iu m  s i n g l e  c r y s t a l .  From th e se  r e s u l t s  m a g n e t o c a l o r i c  c o o l i n g ,  
e n t h a lp y  and f r e e  e n e rg y  have been c a l c u l a t e d  and d is c u s s e d .  The 
I r r e v e r s i b l e  h y s t e r e t i c  h e a t i n g  in  th e  mixed s t a t e  and i t s  f i e l d  and 
t e m p e ra tu re  dependence have been d is c u s s e d  in  te rms o f  th e  p i n n i n g  
f o r c e s  in  t h e  l i g h t  o f  M o r t o n ' s  t h e o r y .  The reduced  upper  
c r i t i c a l  f i e l d  h and th e  reduced  G in s b u rg -L a n d a u  p a ra m e te r  X | ( t ) / X | ( l )  
as o b ta in e d  f ro m  m a g n e t o c a l o r i c  measurements a re  a g a in  fo u n d  t o  
in c r e a s e  f a s t e r  w i t h  d e c r e a s in g  t e m p e ra tu re  than  p r e d i c t e d  by th e  
t h e o r y .
The " f l u x  f l o w "  r e s i s t i v i t y  and t h e  c o r r e s p o n d in g  h ea t  
d i s s i p a t i o n  i n  b o th  p a r a l l e l  and p e r p e n d i c u l a r  f i e l d s  have been
2been measured and f ro m  th e  r e s u l t s  H . / H  „  has been d e te rm in e d ,  andc 3 c 2 ’
p r o p o r t i o n a l i t y  between f l o w  r e s i s t a n c e  and r a t e  o f  hea t  d i s s i p a t i o n  
is  found .
CHAPTER I
INTRODUCTION
The purpose o f  the p re s e n t  s tu d y  i s  a comprehensive i n v e s t i ­
g a t i o n  o f  a l l  the rm a l  phenomena t h a t  appear in  the mixed s t a t e  o f  
i n t r i n s i c  type I I  s u p e rc o n d u c to rs .  Niob ium was chosen as the 
s u b je c t  o f  t h i s  w ork .  The d i f f e r e n t  phenomena i n v e s t i g a t e d  can 
be separa ted  i n t o  the f o l l o w i n g  th re e  p a r t s :  the  the rm a l  c o n d u c t i ­
v i t y ,  the m a g n e to c a lo r i c  e f f e c t s  and the hea t  d i s s i p a t i o n  a sso c ia te d  
w i t h  f l u x  f l o w  r e s i s t a n c e .
The Thermal C o n d u c t i v i t y . The purpose o f  t h i s  p a r t  o f  the work i s  
th e  s tu d y  o f  the  thermal  c o n d u c t i v i t y  o f  n io b ium  i n  the normal  (K-n ) » 
s u p e rco n d u c t in g  (Kg) > and mixed s t a t e s .  I t  i s  p resen ted  i n  
Chapter  I I .  The focus  o f  the  work i s  on the b e h a v io r  o f  the 
thermal  c o n d u c t i v i t y  in  the mixed s t a t e  and i t s  dependence on 
magnet ic  f i e l d  and te m p e ra tu re .
P rev ious  e x te n s i v e  work  on the  the rm a l  c o n d u c t i v i t y  o f  
n iob ium  i s  m a in ly  t h a t  o f  Mendelssohn and h i s  c o - w o r k e r s . *  T h e i r  
da ta  does n o t  e x te n d  i n t o  the  te m pera tu re  r e g io n  above 4 .2 °K  -  a 
sho r tcom ing  t h a t  leaves the  upper h a l f  o f  the reduced te m p e ra tu re  
range unexp lo red  -  and t h e i r  s tu d y  o f  the i n f l u e n c e  o f  an a p p l i e d  
m agne t ic  f i e l d  lacks  in  i n t e r p r e t a t i o n  f o r  the reasons t h a t  the 
e x i s t e n c e  o f  a mixed s t a t e  and the  n a tu re  o f  n io b iu m  as an i n t r i n s i c  
type  I I  supe rco n d uc to r  were not re co gn ize d  a t  t h a t  t im e .  I t  i s  
on these two p o in t s  t h a t  the  p re s e n t  work i n te n d s  to  b r i n g  more
comple te  r e s u l t s  and i n t e r p r e t a t i o n s .  More r e c e n t l y ,  L in d e n f e ld  
2
£ t  a K  re p o r te d  mixed s t a t e  the rm a l  c o n d u c t i v i t y  measurements on
pure and impure specimens o f  n io b ium  a t  the  C le ve la n d  Conference ,
3
L o w e l l  and Sousa have p u b l i s h e d  a mixed s t a t e  measurement f o r
b bo n ly  one te m p e ra tu re ,  and Muto e t  a l .  and Noto have r e p o r t e d  a 
more comp le te  i n v e s t i g a t i o n  o f  a scope s i m i l a r  to  the p re s e n t  w ork .
Recent t h e o r e t i c a l  and e x p e r im e n ta l  r e s u l t s  were m a in l y  
concerned w i t h  the extreme l i m i t s  o f  d i r t y  (4 /£ q  <<: 1) and pure 
U /£ 0 »  1) type  11 su p e rc o n d u c to rs ,  these l i m i t s  depending on the 
r e l a t i v e  magni tudes  o f  the  e l e c t r o n i c  mean f r e e  pa th  I  and the 
coherence le n g th  Formulas have been o b t a in e d  f o r  the  upper
c r i t i c a l  f i e l d  H t t ) o r  the c o r re s p o n d in g  parameter  x ^ ( t )  by
5 6 7Gorkov f o r  the pure l i m i t  and by Maki and de Gennes f o r  the  d i r t y
g
l i m i t  w h i l e  the g e ne ra l  case was t r e a t e d  by H e l fa n d  and Werthamer
g
and by E i l e n b e r g e r  i n  an e f f o r t  to  ex tend  the r e s u l t s  t o  a l l
te m pera tu res  and i m p u r i t y  c o n c e n t r a t i o n s .  A n is o t r o p y  o f  i n
c u b ic  m a t e r i a l s  such as n io b ium  was a t t r i b u t e d  by Hohenberg and
W e r th a m e r ^  t o  n o n lo c a l  c o r r e c t i o n s  to  the  G inzb u rg -L a nd a u -
A b r i k o s o v - G o r k o v * * t h e o ry  w i t h  the c o n c lu s io n  t h a t  f o r  pure
p o l y c r y s t a l l i n e  n io b ium ,  Ei le n b e rg e r  *s cu rve s  re p re s e n t  o n l y  a
lower l i m i t  f o r  H ^ C t )  a n d X j ( t ) .
D e t a i l e d  t h e o r e t i c a l  t r e a tm e n t  o f  the  the rm a l  c o n d u c t i v i t y
Km i n  the mixed s t a t e ,  f o r  the gap less  r e g io n  where the  a p p l i e d
f i e l d  i s  c l o s e  to  the upper c r i t i c a l  f i e l d ,  i s  due to  the  work  o f  
12C aro li and Cyrot fo r the l im it  o f d ir ty  superconductors and of 
M a k i^  fo r the l im it  o f pure type l (  superconductors. Th is leaves
the i n t e r m e d i a t e  range s t i l l  w i t h o u t  a t h e o r y .  There are a ls o  v e ry
few e x p e r im e n ta l  r e s u l t s  on su p e rco n d uc to rs  o f  t h i s  i n t e r m e d ia t e  
I kc a t e g o r y .  I t  i s ,  t h e r e f o r e ,  n o ta b le  t h a t  the samples s tu d ie d
here  a re  in  t h i s  i n t e r m e d i a t e  range which  makes the compar ison o f
the r e s u l t s  to  e x i s t i n g  t h e o r y  and to  measurements on p u re r  
k
n io b iu m  i n t e r e s t i n g .  L im i t e d  agreement i s  found w i t h  the d i r t y  
12l i m i t  t h e o ry  i n  the sense t h a t  l i n e a r  b e ha v io r  o f  K (H) i s  foundm
in  the r e g io n  c lo s e  to  w i t h  a f i n i t e  s lop e  a t  ancl the
s lope  dKm/dH does go th rough  a maximum as the tem pera tu re  i s  
v a r i e d .  But e x p e r im e n ta l  s lopes  have a much s te e p e r  v a r i a t i o n  w i t h  
te m p e ra tu re ,  le a d in g  t o  va lues  up to  10 t imes l a r g e r  than expec ted
15from th e o r y .  The e a r l i e r  t r e a tm e n t  by Dubeck e_t a_l. i n s e r t i n g
i n  the  r e s u l t s  o f  Bardeen, R ickayzen ,  and T e w o r d t ^  ( h e r e a f t e r
r e f e r r e d  to  as BRT) a f i e l d - d e p e n d e n t  gap pa ram e te r ,  though i t  i s
12open t o  s e r io u s  o b j e c t i o n s  i n  the g ap less  r e g io n ,  i s  s t i l l  found
t o  be q u i t e  s u c c e s s fu l  f o r  the  d e s c r i p t i o n  o f  the minimum o f  K ^  r  m
but o n l y  a t  tem pera tu res  where phonon c o n d u c t io n  i s  p redominant  
(K >  K ) .  A d e t a i l e d  compar ison o f  the p re s e n t  work  w i t h  the
y  S GS
r e s u l t s  o f  R e f .  h r e v e a ls  t h a t  a sudden decrease o f  the e l e c t r o n i c
c o n d u c t i v i t y  K , upon e n t r y  i n  the  mixed s t a t e ,  has to  be
p o s t u la t e d  i n  a d d i t i o n  to  the decrease o f  the  phonon c o n d u c t i v i t y
K . gm
In Chapter  I I ,  Sec. I ,  we re v ie w  b r i e f l y  the techn iques  o f  
measurement;  Sec. I I  covers  the  r e s u l t s  on the rm a l  c o n d u c t i v i t y  i n  
(A) the  s u p e rc o n d u c t in g  and normal  s t a t e s  and (B) the  mixed s t a t e .
The M a g n e to c a lo r i c  E f f e c t  and the H y s t e r e t i c  H e a t i n g . The magneto- 
c a l o r i c  e f f e c t  i n  su p e rco n d u c to rs  i . e .  the  change i n  tem pera tu re  
which under a d i a b a t i c  c o n d i t i o n s  r e f l e c t  the change in  e n t r o p y  when 
the t r a n s i t i o n  from the  su p e rc o n d u c t in g  t o  the normal s t a t e  takes
p la ce  i n  presence o f  a magnet ic  f i e l d  was p r e d i c t e d  and observed
17 10by Mendelssohn and Moore and more r e c e n t l y  by Yaqub.
U n l i k e  type  I s u p e rc o n d u c to rs ,  i t  i s  p r e d i c t e d * *  t h a t  the 
m a g n e t i z a t i o n  and e n t r o p y  o f  type  i l  su p e rco n d uc to rs  change c o n t i n u ­
o u s l y  i n  the mixed s t a t e ,  s t a r t i n g  from the  lower c r i t i c a l  f i e l d  Hc  ^
and t e r m i n a t i n g  w i t h  a second o r d e r  phase t r a n s i t i o n  to  the  normal 
s t a t e  a t  the upper c r i t i c a l  f i e l d  T h i s  suggests  t h a t  f o r  a
t h e r m a l l y  i s o l a t e d  sample a monoton ic  in c re a s e  o r  decrease i n  the 
a p p l i e d  m agne t ic  f i e l d  i n  the mixed s t a t e  shou ld  produce a monoton ic  
decrease o r  in c re a s e  i n  the  te m p e ra tu re .  R e v e r s ib le  m a g n e to c a lo r i c
e f f e c t s  i n  type  I I  su p e rco n d u c to rs  have been p r e v i o u s l y  r e p o r t e d  by
19 20 21 Wasim e_t a K ,  Ohtsuka and Takano, Goedemoed e_t a K ,  Barnes and
22 23 Hake, and by F l i p p e n .  In a c t u a l  measurements, when the a p p l i e d
magnet ic  f i e l d  i s  in c re a se d  m o n o ton ica l  l y  from Hc  ^ t o  i n  the mixed
s t a t e ,  the t o t a l  c a l o r i c  e f f e c t  c o n s i t s  o f  two p a r t s :
*
( I )  The r e v e r s i b l e  m a g n e to c a lo r i c  e f f e c t  Qr  which  appears as 
a c o o l i n g  i n  i n c r e a s i n g  f i e l d s  and re ve rse s  to  a h e a t in g  i n  
d e c re a s in g  f i e l d s .  T h is  p a r t  i s  c h a r a c t e r i z e d  by i t s  r e v e r s i b i l i t y  
and may be s a id  to  be due to  the d e c o u p l in g  o f  the s u p e rc o n d u c t in g  
e l e c t r o n  p a i r s .
( I I )  The i r r e v e r s i b l e  h y s t e r e t i c  d i s s i p a t i o n  o f  h e a t  t h a t  
appears i n  the  mixed s t a t e  any t im e  the  m a g ne t ic  f i e l d  i s  ch a ng in g .
The r a te  o f  hea t  Q. e vo lve d  can be s a id  t o  be caused by normal1 r r  ’
2ke l e c t r o n  c u r r e n t s  g e ne ra ted  by the  m o t ion  o f  the f l u x  l i n e s .
Because o f  the  h ig h e r  magni tude o f  the i r r e v e r s i b l e  h e a t in g
a t  lower tem pera tu res  and i n  less  p e r f e c t  c r y s t a l s ,  o b s e r v a t i o n  o f
i d e a l  m a g n e to c a lo r i c  e f f e c t  i s  o f t e n  hampered. T h is  i r r e v e r s i b l e
h e a t in g  sometimes leads to  a f l u c t u a t i o n  in  the m agne t ic  moment M
*  •  •
and the t o t a l  heat  development Q ( “ Qr  + ^ i r r ^ *  T h is  e f f e c t  has
2 5 26been re co gn ize d  by Zebouni e£  a_l_. and Goedemoed e_t a_l_. as
be ing a s s o c ia te d  to  f l u x  jumps when the sample e n te r s  the mixed 
27s t a t e .  G o r te r  has shown from thermodynamic c o n s id e r a t i o n s  
th a t  when the  magnet ic  moment M and the hea t  development Q o f  a 
type I I sup e rco n d uc to r  are measured a t  the  same te m pera tu re  
d u r in g  the  m a g n e t i z a t i o n  p rocess ,  i t  i s  p o s s ib l e  t o  c a l c u l a t e  the 
v a r i a t i o n  in  the e n th a lp y  E i n  the mixed s t a t e ,  which i n  t u r n  can 
be used t o  check the  c r i t e r i o n  f o r  f l u x  ju m p in g .
The purpose o f  t h i s  p a r t  o f  the  p re s e n t  work i s  to  make a 
d e t a i l e d  s tu d y  o f  the te m pera tu re  dependence o f  the m a g n e to c a lo r i c  
e f f e c t  on a n iob ium  s i n g l e  c r y s t a l  and o f  i t s  d i s t r i b u t i o n  th ro u g h ­
o u t  the mixed s t a t e .  M a g n e t i z a t i o n  measurements have been made to  
c a l c u l a t e  the e n th a lp y  i n  the mixed s t a t e  and G o r t e r ' s  c r i t e r i o n  
f o r  f l u x  jum p in g  has been s t u d i e d .  A t  h ig h e r  tem pera tu res  where 
the  i r r e v e r s i b l e  h e a t in g  i s  s m a l l e r ,  the r e v e r s i b l e  m a g n e to c a lo r i c  
e f f e c t  i s  p repo n d e ra n t  and the a s s o c ia te d  v a r i a t i o n  o f  the e n t r o p y  
i n  the mixed s t a t e  i s  c a l c u l a t e d .  The upper c r i t i c a l  f i e l d  
and the  c o r re s p o n d in g  G inzburg -Landau-Mak i  pa rameter  Xj  have been 
compared w i t h  the  e x i s t i n g  t h e o r i e s  and p r e v io u s  e x p e r im e n ta l
8r e s u l t s .  T h is  i s  p resen ted  i n  Chapter  M l .
The F lu x  Flow R es is tance  and A s s o c ia te d  H e a t in g  in  the Mixed S t a t e .
A b r ik o s o v  c h a r a c t e r i z e s  the  mixed s t a t e  as a l a t t i c e - l i k e
s t r u c t u r e  o f  q u a n t iz e d  f l u x  l i n e s .  These f l u x  l i n e s  p la y  an
im p o r ta n t  r o l e  in  n o n e q u i l i b r i u m  phenomenon as c r e a te d  by the
presence o f  t r a n s p o r t  c u r r e n t  I .  Under t h i s  c o n d i t i o n  the f l u x
l i n e s  are  s u b je c t  t o  a d r i v i n g  f o r c e  e x e r te d  by the L o re n tz  f o r c e .
In an i d e a l  type  I I  su p e rc o n d u c to rs ,  when the t r a n s p o r t  c u r r e n t  I
i s  a p p l i e d  a t  r i g h t  angles to  the a p p l i e d  f i e l d  H, the f l u x  l i n e s
are  expec ted  t o  move in  a d i r e c t i o n  a t  r i g h t  ang les  to  both  I and
H i n  o r d e r  t o  e q u a l i z e  the m agne t ic  p r e s s u r e .  However, i n
p r a c t i c e ,  l a t t i c e  d e fe c ts  o f  v a r io u s  k in d s  p re s e n t  i n  the m a t e r i a l
e f f e c t i v e l y  p in  down the f l u x  l i n e s  and enab le  the specimen to
s u s t a i n  non u n i f o r m  f l u x  l i n e  d e n s i t i e s .  I f  the specimen i s  made
t h e r m a l l y  s t a b l e ,  i t  can be d r i v e n  i n t o  a s t a t e  w he re in  the
L o re n tz  d r i v i n g  f o r c e  exceeds the  p in n in g  fo r c e  and the f l u x  l i n e s
undergo a v is co u s  f l o w .  These moving f l u x  l i n e s  induce an e l e c t r i c
f i e l d  E, wh ich  i s  observed as a r e s i s t i v e  v o l t a g e  d rop  V i n  the
d i r e c t i o n  p a r a l l e l  t o  I .  T h is  i s  the  so c a l l e d  " f l u x  f l o w *1
r e s i s t i v i t y .  The c r e a t i o n  o f  an induced e l e c t r i c  f i e l d  E i s  a
s i g n i f i c a n t  d e p a r tu re  f rom London‘ s concep t  o f  E ■ 0 i n  type  I
s u p e rc o n d u c to rs .  The v o l t a g e  d rop  lea d s ,  as was f i r s t  shown by
28the p re s e n t  work , to  a power d i s s i p a t i o n  o f  the fo rm P -  V I ,  
w h ich  appear as an in c re a s e  i n  the tem pera tu re  o f  the  specimen. 
Assuming t h a t  the  v e l o c i t y  o f  th e  f l u x  l i n e s  i s  p r o p o r t i o n a l  to  the
9induced f i e l d ,  t h e o r y  p r e d i c t s  t h a t  a t  a f i x e d  v a lu e  o f  the a p p l i e d
f i e l d ,  the v o l t a g e  developed shou ld  va ry  l i n e a r l y  w i t h  the a p p l i e d
29c u r r e n t .  Many e xper im en ts  c o n f i r m  the l i n e a r  f l u x  f l o w  beha v io r  
f o r  h ig h  t r a n s p o r t  c u r r e n t  d e n s i t i e s .  The d e v i a t i o n  f rom  the
" i d e a l "  l i n e a r  b e ha v io r  a t  low c u r r e n t  d e n s i t i e s  has been the
3 0 3 1 3 2  33 3 t^s u b je c t  o f  much d i s c u s s io n ,  ’ and some c o n t r o v e r s y .
The p o p u la r  v iew  appears t o  be t h a t  the d e p a r tu re  f rom  l i n e a r i t y
i s  due to  i n t e r a c t i o n s  w i t h  the s u r fa c e  and w i t h  volume d e fe c ts
( e . g .  d i s l o c a t i o n s ,  and non u n i f o r m i t y ) ,  w h ich  are p a r t i c u l a r l y
e f f e c t i v e  a t  low va lu e s  o f  I where the e le c t r o m a g n e t i c  fo r c e s  on
the  f l u x o i d s  are r e l a t i v e l y  sm a l l  compared to  the p in n in g  f o r c e s .
35Sa in t -James and deGennes have so lved  the  G inzburg-Landau
e q u a t io n  f o r  the wave f u n c t i o n  * n th e  presence o f  a p lane
boundary between the su p e rc o n d u c to r  and an i n s u l a t o r .  As a r e s u l t
o f  the c a l c u l a t i o n  th e y  have shown t h a t  f o r  H p a r a l l e l  to  the
s u r f a c e  o f  the  specimen, a su p e rc o n d u c t in g  s u r fa c e  sheath  e x i s t s
between H _ and H ,  where H ,  *  1.69 H For f i e l d s  p e r p e n d ic u la r  c 2 c 3 c 3 c 2
t o  the  s u r f a c e ,  the s o l u t i o n  reduces t o  t h a t  o f  A b r i k o s o v  and no
remanent s u p e r c o n d u c t i v i t y  i s  expec ted  beyond . T h is  has been
36  3 7c o n f i rm e d  by Hempstead and Kim, A u t l e r  £ t  a_U, and Druyves teyn
gQ
£ t  j j K ,  f rom  r e s i s t i v e  measurements. A wide v a r i a t i o n  i n  hc j / hC2 
r a t i o  has been found e x te n d in g  up t o  A . 3 » depending on the  n a tu re  
o f  the s u r f a c e .
T h is  p a r t  o f  the p re s e n t  work  i s  p re sen te d  i n  Chapter  IV and 
d e a ls  w i t h  the  f l u x  f l o w  measurements and the  c o r re s p o n d in g  power 
d i s s i p a t i o n  on a n io b ium  and a vanadium p l a t e .  A compar ison  w i t h
10
the  t h e o ry  and o t h e r  e x p e r im e n t a l  r e s u l t s  has been made. The 
r e s i s t i v e  and th e rm a l  t r a n s i t i o n ,  w i t h  p a r t i c u l a r  r e f e r e n c e  to  
the  v a lu e  o f  th e  r a t i o  1135 been s t u d i e d  to  compare w i t h
the  t h e o r y  o f  S a in t -Jam es  and deGennes.
CHAPTER I I 
THE THERMAL CONDUCTIVITY OF NIOBIUM
1. E xp e r im e n ta l  Method
The annealed sample was s u p p l i e d  by M a t e r i a l s  Research 
40C o r p o r a t i o n  in  the fo rm o f  a p l a t e  .01 x 3 .0  x 0 .435  inches f rom 
t r i p l e  zone r e f i n e s  m a t e r i a l  (Marz g r a d e ) .  A t y p i c a l  a n a l y s i s  
shows 170 p a r t s  per m i l l i o n  (ppm) t o t a l  i m p u r i t i e s ,  o f  which 100 
ppm o f  ta n ta lu m ,  8 ppm o f  ca rbon ,  6 .** ppm o f  tu n g s te n ,  23 .4  ppm 
o f  n i t r o g e n  and 4 ppm o f  oxygen are the  larges*, c o n t r i b u t i o n s .
The r e s i s t a n c e  r a t i o  was found  to  be T  p ^3Q 0^N  “  ^  ant* the  
r e s i d u a l  r e s i s t a n c e  p^  was measured to  be 5 .2  x  10 ^ f l  cm. Th is  
low v a lu e  o f  the r e s i s t a n c e  r a t i o  sugges ts  h ig h  c o n c e n t r a t i o n  o f  
s t r u c t u r a l  d e fe c t s  and inco m p le te  a n n e a l in g .  From the measurement
o f  Pq -  a  the  e l e c t r o n i c  mean f r e e  p a th  i  was e s t im a te d  by
2 2 u s in g  the  r e l a t i o n  D -  o / 2e N(0) ■ 1/3 Vp r  where D i s  the
2
d i f f u s i o n  c o n s t a n t .  We g e t  I  -  VpT -  3<r/2e N(0)Vp where a i s  the
r e s i d u a l  e l e c t r i c a l  c o n d u c t i v i t y ,  N(0) i s  the d e n s i t y  o f  s t a t e s ,
41 42 7and ’ Vp -  3 x 10 cm/sec i s  the Fermi v e l o c i t y .  N(0) was c a l -
2 2c u la t e d  by u s in g  the  r e l a t i o n  N(0) -  3y / f f  k , where y  « 7 .85 m j /m o le  
2
deg i s  the e l e c t r o n i c  s p e c i f i c  hea t  c o n s t a n t .  T h is  y i e l d s  a va lue  
O o
o f  jt  -  328 A which  i s  o f  the  same o rd e r  o f  magni tude as ■ 390 A
4 l  °re p o r te d  by French and 430 A by F innemore, S t romberg,  and 
42Swenson ( h e r e a f t e r  r e f e r r e d  to  as FSS) .
The main a ppa ra tus  and measur ing te ch n iq u e s  were an evo lved  
and ex tended  fo rm  o f  those used i n  the e a r l i e r  work  o f  G re n ie r
11
12
e_t a_l.. and t h e i r  d e s c r i p t i o n  w i l l  be b r i e f .  The sample i n s i d e  
a vacuum c a l o r i m e t e r  was clamped i n  a b rass  sample h o ld e r  w h ich  
i t s e l f  was screwed i n t o  a copper  p o s t  e x te n d in g  up i n t o  the 
l i q u i d  h e l i u m  b a th .  The te m p e ra tu re  o f  the  sample c o u ld  be r a i s e d  
t o  10°K w i t h  the  brass  sample h o ld e r  a c t i n g  as a th e rm a l  r e s i s t o r  
between sample and h e a t  s i n k .  Two h e a te rs  o f  C ons tan tan  w i r e  No.
*+0 were wound, one a t  t h e  b o t to m  o f  the  sample and the o t h e r  on 
the  sample h o l d e r .  The h e a t e r  on the  sample h o ld e r  was used t o  
r a i s e  the  te m p e ra tu re  o f  the  sample i n  the  range 4 .2 °K  t o  10°K 
and a l s o  to  d r i v e  the  sample normal  t h e r m a l l y  a f t e r  each f i e l d  
c y c l e  to  e l i m i n a t e  the  t r a p p e d  f l u x .  The sample h e a t e r  was used 
t o  e s t a b l i s h  a th e rm a l  g r a d i e n t  a lo n g  th e  sample f o r  the  h e a t  
c o n d u c t i v i t y  measurements . The th e rm a l  g r a d i e n t  a lo n g  the  sample 
v a r i e d  f rom  20 m°K a t  the  lo w e s t  t e m p e ra tu re  t o  abou t  100 m°K a t  
th e  h ig h e s t  t e m p e r a t u r e .  A “ w e l l - m a t c h e d "  p a i r  o f  50 0 ,  1 /10  W 
A 1 l e n - B r a d le y  ca rb on  r e s i s t o r s  was used f o r  th e rm a l  c o n d u c t i v i t y  
measurements , and the  the rm ometers  were c a l i b r a t e d  a g a i n s t  the 
vapor  p r e s s u re  o f  l i q u i d  h e l i u m  i n  th e  te m p e ra tu re  range o f  1 .U°K
o 44t o  k . 2  K and a g a i n s t  a c a l i b r a t e d  germanium thermometer  i n  the  
range *+.2°!^ t o  10°K. The te m p e ra tu re  m easur ing  c i r c u i t  was i n  
th e  fo rm  o f  a b r i d g e ,  two arms o f  w h ich  were ca rb on  thermometers  
and a d i f f e r e n c e  o f  t e m p e ra tu re  wou ld  r e s u l t  i n  an unba lance 
v o l t a g e  i n  the  m e a su r in g  arm o f  the  b r i d g e .  A l l  measurements were 
done w i t h  dc m e thods .  The c i r c u i t  was des igned  so t h a t  the  v o l t a g e  
and c u r r e n t  o f  each the rm om eter  c o u ld  a l s o  be measured s e p a r a t e l y .  
C u r r e n t  in  th e  the rm om eters  was v a r i e d  f ro m  h j iA  a t  T <  *f°K to
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about  10 a t  h i g h e r  t e m p e r a t u r e s . A t  each te m p e ra tu re  T the 
b r id g e  was ba lanced  by a d j u s t i n g  th e  c u r r e n t  i n  the two the rmo­
m e te rs  so t h a t  to  a z e ro  h e a t  c u r r e n t  i n  the  absence o f  the  m a g n e t ic  
f i e l d  t h e re  co r re sp o n d e d  a z e ro  s i g n a l  on the r e c o rd e d .  The 
te m p e ra tu re  o f  the  b a th  was then  lowered  to  T -  A  Tq where A  Tq 
ranged f ro m  around 150 m°K a t  h i g h e r  t e m p e ra tu re  to  about  30 m°K 
a t  the  low er  te m p e r a t u re .  The sample h e a t e r  was then  s w i t c h e d  on, 
and the  h e a t  c u r r e n t  was a d ju s t e d  so t h a t  the the rmometer  c l o s e s t  
t o  the sample h e a t e r  read the  same v o l t a g e  as a t  T .  T h i s  p ro ce d u re  
has the  advan tage  t h a t  th e  t e m p e ra tu re  d i f f e r e n c e  A T  can be 
computed f r o m  the u n ba la nce  v o l t a g e  A V  th ro u g h  th e  use o f  the  
c h a r a c t e r i s t i c  R(T) cu rv e  o f  o n l y  one the rm om eter ,  i n  t h i s  case the  
one c l o s e s t  t o  the  h e a t  s i n k .  Measurements o v e r  a p e r i o d  o f  months 
showed t h a t  t h e  s lo p e s  A T ^ / A R  were r e p r o d u c i b l e  w i t h i n  k%. For  
t h i s  re a son ,  we p l o t t e d  A  T q / A  R a g a i n s t  T on a semi log  paper  and 
used the  v a lu e s  f rom  th e  smoothed o u t  c u r v e .  P o i n t  by p o i n t
measurements o f  K were made I n  the  same way as those o f  K a tm s
i n c r e a s i n g  v a lu e s  o f  m a g n e t ic  f i e l d  u n t i l  i t  was fo u n d  t h a t  K was 
c o n s t a n t  a t  H >  H ^ .
I t  was o b se rved  t h a t  a t  te m p e ra tu re s  above 3*5°K ca rb on  r e s i s t o r s  
had c o n s id e r a b l e  m a g n e t o r e s i s t a n c e . T h i s  was measured by b a la n c in g  
th e  the rm om eters  a t  th e  te m p e ra tu re  T and then  r e c o r d i n g  the  s i g n a l  
A  V as a f u n c t i o n  o f  the  a p p l i e d  m a g n e t ic  f i e l d  w i t h o u t  s e t t i n g  th e  
th e rm a l  g r a d i e n t  a c ross  th e  sample .  T h i s  s i g n a l  was added o r  
s u b t r a c t e d  f rom  the  c o n d u c t i v i t y  s i g n a l  depend ing  on w h e th e r  th e  
m a g n e to re s i s ta n c e  was n e g a t i v e  o r  p o s i t i v e .  A l l  measurements were 
made w i t h  th e  d i r e c t i o n  o f  th e  m a g n e t i c  f i e l d  p a r a l l e l  t o  th e  l a r g e
I k
fa ce  o f  the sample i n  o rd e r  t o  m in im ize  d e m a g n e t iz a t io n  e f f e c t s .
t t .  E x p e r im e n ta l  R e s u l t s  and D is c u s s io n
A. Thermal C o n d u c t i v i t y  i n  the  S u p e rco n d u c t ing  and Normal S ta te s
The te m p e ra tu re  dependence o f  the  the rm a l  c o n d u c t i v i t y  o f
n iob ium  i n  the su p e rc o n d u c t in g  s t a t e ,  and i n  the normal s t a t e ,
Kn> i s  p l o t t e d  i n  F i g .  1 and p a r t l y  t a b u la t e d  i n  Tab le  I .  The
te m p e ra tu re  a t  wh ich  the and « n cu rves  i n t e r s e c t  one a n o th e r  i s
o
taken as the  c r i t i c a l  te m p e ra tu re  T and i s  found to  be 9 -0  ± 0 .1  K.c
The s t r a i g h t  l i n e  which v e ry  n e a r l y  f i t s  the normal s t a t e  
p o in t s  i s  o b ta in e d  f rom the  r e s i d u a l  r e s i s t a n c e  by assuming the 
v a l i d i t y  o f  the Wiedemann-Franz r e l a t i o n  x
10 7 Q  cm, ■ **7-01 T mW-cm * - °K  *) . A s l i g h t  tendency o f  the 
e x p e r im e n ta l  p o in t s  t o  f a l l  below the L o re n tz  l i n e  a t  tem pera tu res
c lo s e  to  T seems genu ine  and c o r r o b o r a t e s  the  r e s u l t s  o b ta in e d&
by Muto e t  a l ,  and can be a t t r i b u t e d  to  the e x i s t e n c e  o f  a sm a l l
r e s i s t i v e  component due to  s c a t t e r i n g  o f  e l e c t r o n s  by phonons.
In the ma jo r  re m a in in g  p a r t  o f  the te m p e ra tu re  range, the n e a r l y
e x a c t  f i t  o f  the e x p e r im e n ta l  p o in t s  to  the L o re n tz  r e l a t i o n
i n d i c a t e s  t h a t  s c a t t e r i n g  o f  e l e c t r o n s  by i m p u r i t i e s  i s  p redom inan t
in  the normal  s t a t e .
In  the  su p e rc o n d u c t in g  s t a t e ,  the presence o f  a l o c a l
maximum i n  Ks , a l r e a d y  observed  by C a l v e r i e y ,  Mendelssohn, and
R ow e l l *  and C o n n o l l y  and Mendelssohn* ( h e r e a f t e r  r e f e r r e d  to  as CM)
**5in  niobium, tantalum and vanadium, and by Sharma in tantalum , is  
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TABLE I .  Temperature dependence o f  thermal c o n d u c t i v i t y
-1 o -1
parameters. K i s  in  mW-cm -  K , H ^ i s * n 0*
T t Ks K9* Kes Hc2 X1
[K . ]  m in Jexp [K . 3 ,L m in Jca l K , /K min s
9 .0 1.0 423 423 1.14 no min. no min. no min.
8 .4 .933 374 380.0 421.0 1.209 11 n
8 .888 341 342.5 765.4 1.348 tt 1 1
7.3 .811 286.5 286.54 1238.4 1.344 285.0 1 1 .994
6 .8 .755 247.0 4 .0 242.94 1548.0 1.337 244.0 1 r .987
6 .666 180.0 2.87 177.13 2253.2 1.504 174.0 11 .972
5.45 .605 146.0 13.0 133.0 2597.2 1.521 142.0 11 .965
4 .47 .497 95.0 24.0 71.0 3250.8 1.603 88.0 11 .916
4.1 .455 78.0 27.89 50.11 3474.4 1.627 71.0 11 .916
3.09 .343 70.0 55.72 14.28 3930.2 1.643 37.0 52.0 .528
1.95 .216 122.0 122.0 4420.4 1.722 14.5 14.0 .118
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c o n d u c t i v i t y  which becomes p rom inen t  as the  e l e c t r o n i c  c o n t r i b u ­
t i o n  becomes s m a l l e r  w i t h  d e c re a s in g  te m p e ra tu re  and s c a t t e r i n g  
o f  the  phonons by the c o n d u c t io n  e l e c t r o n s  in  the su p e rco n d u c t in g  
s t a t e  dec reases .
The c o n d u c t i v i t y  i n  the su p e rc o n d u c t in g  s t a t e  can be d i v i d e d  
i n t o  th re e  tem pera tu re  r e g io n s .  The r e s u l t s  i n d i c a t e  t h a t  
between T and 3 - 5°K e l e c t r o n  c o n d u c t io n  i s  dom in a n t ;  between 
3 .5°K and 2°K i t  i s  m o s t l y  due t o  phonons s c a t t e r e d  by e l e c t r o n s ;  
and be low 2°K the h e a t  c o n d u c t io n  can be assumed t o  be due to  
phonons s c i t t e r e d  by i m p e r fe c t i o n s  and boundar ies  as was 
dem ons t ra ted  by the measurements o f  CM below 1°K.
The tem pera tu res  a t  which the l o c a l  minimum and maximum in
o c c u r ,  3 . 5°K and 2°K, r e s p e c t i v e l y ,  are i n  f o r t u i t o u s  agreement
w i t h  the r e s u l t s  found by CM. In  re c e n t  measurements o f  by 
i+
Muto e t  j i l ' .  on a n io b ium  specimen w i t h  r e s i s t a n c e  r a t i o  o f  1900, 
i t  i s  i n t e r e s t i n g  to  no te  the a p p a re n t  absence o f  any s i g n i f i c a n t  
phonon c o n t r i b u t i o n  a t  lower  tem p e ra tu re s  as shown by the smal lness  
o f  the l o c a l  maximum i n  t h e i r  r e s u l t s .  A p o s s ib le  e x p la n a t i o n  i s  
t h a t  as the p u r i t y  in c r e a s e s ,  the  e l e c t r o n  c o n t r i b u t i o n  K^s to  
the c o n d u c t i v i t y ,  w h ich  i s  l i m i t e d  by i m p u r i t y  s c a t t e r i n g ,  inc re a s e s  
a c c o r d i n g l y  w h i l e  the phonon c o n t r i b u t i o n  K^s wh ich  i s  l i m i t e d  
by e l e c t r o n  s c a t t e r i n g  s ta ys  unchanged to  a f i r s t  a p p r o x im a t io n .
As a r e s u l t  the in c re a se  o f  K^$ w i t h  d e c re a s in g  tem pera tu res  
becomes c o m p a r a t i v e ly  less  im p o r ta n t  and the  a s s o c ia te d  l o c a l  
maximum tends t o  f l a t t e n  o u t .
Analysis o f the normal s ta te  co n d u ctiv ity  in terms o f the
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d i f f e r e n t  s c a t t e r i n g  mechanisms i s  made by us ing  the  fo rm u la  g ive n
by Makinson**8 f o r  a f r e e  e l e c t r o n  model .  The e l e c t r o n i c  the rm a l
c o n d u c t i v i t y  K, a t  tem p e ra tu re s  T < € /1 0  ( © i s  th e  Debye en
te m p e ra tu re )  i s  g iv e n  by
aT2 + T  ( 1)K Ten
2/1 2
where a -  95 .3  and b « p ^ / L ^ . i s  d e f i n e d  as the
e f f e c t i v e  number o f  c o n d u c t io n  e l e c t r o n s  per atom, K i s  the1 00
l i m i t i n g  v a lu e  o f  the e l e c t r o n i c  the rm a l  c o n d u c t i v i t y  a t  h igh  
te m p e ra tu re ,  Pq i s  the r e s i d u a l  e l e c t r i c a l  r e s i s t i v i t y  and Lq 
i s  the L o re n tz  number. The f i r s t  te rm on the r i g h t  i n  Eq. (1) 
re p re s e n ts  the e l e c t r o n i c  the rm a l  r e s i s t i v i t y  l i m i t e d  by phonon 
s c a t t e r i n g  and the  second te rm re p re s e n ts  the e l e c t r o n i c  the rm a l  
r e s i s t i v i t y  due to  i m p u r i t y  s c a t t e r i n g .  F ig u re  2 g iv e s  a p l o t  
o f  T /K^  a g a in s t  T^ ,  which w i t h i n  the  e x p e r im e n ta l  s c a t t e r  has 
been approx imated  by a s t r a i g h t  l i n e .  The s lope  o f  the s t r a i g h t  
l i n e  g iv e s  the  v a lu e  o f  th e  c o n s ta n t  a -  2 .3  x 10 8 cm-mW
-J _ n  1
The i n t e r c e p t  on the T /K n a x i s  g iv e s  b •  2 0 .8  x 10 cm- K -rrW
which  d i f f e r s  by 2% f ro m  th e  r e s u l t  o b ta in e d  f rom  the  r e s i d u a l
r e s i s t i v i t y  measurements. These v a lu e s  o f  a and b i n d i c a t e  t h a t
f o r  tem pera tu res  v e r y  c lo s e  t o  T , th e  c o n t r i b u t i o n  o f  phononc
s c a t t e r i n g  to  the r e s i s t i v i t y  i s  a t  most 8% o f  the  t o t a l  the rm a l
1*7
r e s i s t i v i t y .  The e x p e r i m e n t a l l y  de te rm ined  va lu e  o f  a , us ing
© -  275°K and**8 K, -  580 nW-cm"1^ " 1 . ind icates  an e f fe c t iv e00
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F ig . 2
uses the  va lu e  © ■  2 4 l°K  fo u nd ^^  in  the  te m p e ra tu re  range 3°K -  10°
then N ■ 0 .733  i s  o b ta in e d .  We do n o t  f i n d  any phonon c o n d u c t i -  a
v i t y  i n  the  normal s t a t e  as seen in  F ig .  1. The preponderance
o f  im p u r i t y  s c a t t e r i n g  f o r  bo th  K and K a l lo w s  us to  make as n
d i r e c t  com parison  o f  the  tem p e ra tu re  dependence o f  * s/K n to  the 
th e o ry  o f  Bardeen, R ickayzen , and T e w o rd t .  The BRT r e la t i o n  f o r  
the case o f  e l a s t i c  im p u r i t y  s c a t t e r i n g  o f  e le c t r o n s  i s * ^
K„<  2F i ( - v )  + 2v l n < ‘ ♦  • * * >  *  V2 C1 *  eV> " 1-S i .  _ 1 --------------------------------------------------------  (2)
*en 2F  ^CO)
where y « € ( t J / k T  ■ [ c ( t ) / e ( 0 ) ]  • [ < ( 0 ) / k T  ]  . 1 / t ,  e ( t )  be ing
the  h a l f - w i d t h  o f  the  energy gap a t  te m p e ra tu re  T in  the  Bardeen,
Cooper, and S c h r ie f f e r  th e o ry  ( h e r e a f t e r  r e fe r r e d  to  as BCS).
The te m p e ra tu re  dependence o f  c ( t ) / c ( 0 )  has been c a lc u la te d  by
M u h lsch lege l**^  based on the  BCS th e o ry ,  and from  t h i s  a
tem p e ra tu re  dependence o f  y has been c a lc u la te d  f o r  d i f f e r e n t
va lu es  o f  e ( 0 ) / k T  . The term  F . ( - y )  i s  g iv e n  by the e x p re s s io n  
00 C  1
F C-y) -  f z ^ z / l  + e xp (z  + y ) . ^ . ( “ Y) has been ta b u la te d  byn a 1
Rhodes'** f o r  - y  from  0 to  ^  and has been e x t r a p o la te d  in  the  
p re s e n t  work to  h ig h e r  v a lu e s .  In  F ig .  3 we have p lo t t e d  the  
e x p e r im e n ta l  va lu e s  o f  K-S^ n a g a in s t  th e  reduced te m p e ra tu re .  We 
f i n d  a good f i t  o f  the  upper range to  th e  BRT e x p re s s io n  f o r  
2 f ( 0 )  -  3 .9 6  kTc as re p re s e n te d  by the  s o l i d  l i n e  in  F ig .  3 .
There is  agreement from t ■ 1 .0  to t  ■ O.6 5 . This confirms th at 
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in  the  s u p e rc o n d u c t in g  s ta te  i s  n e g l i g i b l e .  Below t  ■ 0 .6 5  the
e x p e r im e n ta l  cu rve  K /K  d e p a r ts  from  the t h e o r e t i c a l  cu rves n
K /K  due to  the in c re a s in g  c o n t r i b u t i o n  o f  the  phonon es en 3 r
c o n d u c t i  v i  t y .
The e le c t r o n i c  the rm a l c o n d u c t i v i t y  in  the  su p e rc o n d u c t in g
s ta te  «es has been c a lc u la te d  from  Eq. (2 )  w i t h  the  energy gap
2 c (0 )  » 3-96  kTc by s u b s t i t u t i n g  f o r  Kfin the  va lu e  o b ta in e d  from
the r e s id u a l  r e s i s t i v i t y  u s in g  the Wiedemann-Franz law . The
e le c t r o n i c  and t o t a l  c o n d u c t i v i t y  in  the s u p e rc o n d u c t in g  s ta te
has been p lo t t e d  in  F ig .  k  on the log  s c a le  a g a in s t  T /T  on thec
52l in e a r  s c a le .  Z a v a r i t s k i i  has shown e m p i r i c a l l y  t h a t  the
e le c t r o n i c  th e rm a l c o n d u c t i v i t y  o f  su p e rc o n d u c to rs  in  the  im p u r i t y
s c a t t e r i n g  re g io n  can be approx im ated  by an e x p o n e n t ia l  o f  the
form  K «  e x p [ - p  T / T ] ,  where p has d i f f e r e n t  va lu e s  f o r
d i f f e r e n t  m e ta ls  and i s  a measure o f  the energy  gap. The use o f
an e x p o n e n t ia l  te m p e ra tu re  dependence f o r  Kfts f o l lo w s  from  the
53use by H e isenberg  o f  the  e le c t r o n  gas fo rm u la  w h ich  c o n ta in s  a 
s p e c i f i c  hea t term  and th e  e x p e r im e n ta l  low te m p e ra tu re  b e h a v io r  
o f  « s showing an e x p o n e n t ia l  dependence. T h is  lead Goodman to  
no te  th a t  th e  e x is te n c e  o f  an energy  gap would  e f f e c t i v e l y  
produce such a dependence f o r  the  s p e c i f i c  he a t te rm  and t h i s  
w ou ld  lead  to  th e  observed  e x p o n e n t ia l  te m p e ra tu re  dependence o f  
Ks * Jn the  l i m i t  o f  T te n d in g  to  Tc w here, as we have mentioned 
b e fo re ,  the  e le c t r o n s  a re  m o s t ly  s c a t te re d  by im p u r i t i e s  and the 
the rm a l c o n d u c t i v i t y  in  the  s u p e rc o n d u c t in g  s ta te  i s  m a in ly  
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s t r a i g h t  l i n e .  T h is  g iv e s  a s lo p e  o f  p -  1 .888  w h ich  is  much
h ig h e r  than  th e  va lu e s  o b ta in e d  from  s p e c i f i c  h e a t  measurements
47(Ce s /V Tc « a e x p [ - p  Tc / T ] )  by Van Der Hoeven and Keesom
(p ”  1 .53) t Leupo ld  and B o o r s e ^  (p ■ 1 .5 2 ) ,  and Da Si lv a  e t  a l  . ^
( p, -  1 .6 2 ) .  The BCS th e o r y  g iv e s  a v a lu e  o f  p -  1 .44  fro m  th e
e x p o n e n t ia l  te m p e ra tu re  dependence o f  th e  e l e c t r o n i c  s p e c i f i c
h e a t in  the  s u p e rc o n d u c t in g  s ta te  w h ich  leads  to  the  e n e rg y  gap
54a t  a b s o lu te  z e ro  to  be 3 .52  kT ^ . F o l lo w in g  Goodman, Van Der
47 57Hoeven and Keesom, and Mamiya et_ a_l_. we have e s t im a te d  the
e n e rg y  gap a t  a b s o lu te  z e ro  fo i  o u r  sample by u s in g  the  r e l a t i o n
2 f ( 0 )  -  p /1 .4 4  (3 -5 2  kT ) .  U s in g  th e  v a lu e  o f  p ■ 1 .8 88 , we
f i n d  2 t ( 0 )  ■ 4 ,6 1  kTc< T h is  d i f f e r s  s i g n i f i c a n t l y  f ro m  the
v a lu e  o f  2 e (0 )  -  3*96 kT o b ta in e d  by com paring  K /K  w i t h  th eo s n
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th e o ry  o f  BRT and shows t h a t  Z a v a r i t s k i i 1s a p p ro x im a t io n  g iv e s
o n ly  an a p p ro x im a te  v a lu e  o f  the  en e rg y  gap. The v a lu e  o f  the
e n e rg y  gap a t  a b s o lu te  z e ro  o b ta in e d  f o r  o u r  sample has been
compared w i t h  p re v io u s  r e s u l t s  and these  a re  shown in  T a b le  I I .
The phonon c o n d u c t i v i t y  K i n  the  s u p e rc o n d u c t in g  s ta te  hasgs
been o b ta in e d  by s u b t r a c t i n g  the  e l e c t r o n i c  component K , as6 S
o b ta in e d  fro m  BRT th e o ry ,  from  th e  t o t a l  th e rm a l c o n d u c t i v i t y  K ^ .
T h is  has been p lo t t e d  a g a in s t  th e  reduced  te m p e ra tu re  in  F ig .  5
a lo n g  w i t h  Kes and ta b u la te d  i n  T a b le  \ .  As e x p la in e d  e a r l i e r ,
i t  shows t h a t  K i s  maximum a t  t  ■ Q .22(T  -  2°K) . I t  decreases  gs
w i t h  in c r e a s in g  te m p e ra tu re  and a t  t  ■ 0 ,6 5  i t  re p re s e n ts  le s s  than
4% o f  . BRT have p o in te d  o u t  t h a t  i n  th e  te m p e ra tu re  r e g io n
t  ■ 0 ,4  to  t  ■ 0 .6 ,  th e  r a t i o  K /K  may be p r o p o r t i o n a l  to  Tgs gn
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TABLE I I ,  Comparison o f  e x p e r im e n ta l  r e s u l t s  
on the energy gap in  Nb.
A u th o rs Techn ique Used 2 e (0 ) /K T c
P resen t work the rm a l c o n d u c t i v i t y 3 .9 6
C o n n o l ly  and Mendelssohn the rm a l c o n d u c t i v i t y 3 .5
. bMuto e t  a l . th e rm a l c o n d u c t i v i t y 3 .80
Goodmanc s p e c i f i c  hea t 3 .7  i+.O
d
Leupo ld  and Boorse s p e c i f i c  he a t 3 .6 9
Da Si lv a  ej: a l . s p e c i f i c  hea t 3 .72
Van Der Hoeven and Keesom s p e c i f i c  hea t 3 .70
gFrench m a g n e t iz a t io n 3.62
Perz and Dobbs u l t r a s o n i c  a t te n u a t io n 3 .75
Levy e_t a l .* u l t r a n s o n ic  a t te n u a t io n 3 .5
Townsend and S u tton^ tu n n e l in g  (Nb/Sn) 3.81*
G a iever tu n n e l in g  (Nb/Sn) 3 .6
S h e r r i l l  and Edwards^ tu n n e l in g  (Nb/Pb) 3 .5 9
Bonnet e t  a l . tu n n e l in g  (Nb/Sn) 2 .8
R icha rd s  and Tinkhamn i n f r a r e d  a b s o rp t io n 2 .8
aSee R e f .  1.
^See R e f .  4 .
CB. B. Goodman, C. R. Acad. S c i . ,  P a r is  2 ^6 . 3031 (1 9 5 8 ) .  
d See R e f.  55. 
e See R e f.  56 . 
f See R e f .  1+7.
^See R e f .  1+1.
^ E .  R. Dobbs and J .  M. P erz , P ro c .  Roy. Soc, (London) A296. 113 (1 9 6 7 ) .
*M. Levy, R. Kagiwada, and I .  R udn ick , P h ys . Rev. 132. 2039 (1 9 6 3 ) .
-*P. Townsend and J .  S u t to n ,  Phys. Rev. 128. 591 (1 9 6 2 ) ,  
u
J . G a ie v e r , P roceed ings  o f  the  E ighth  I n t e r n a t i o n a l  C onference on 
Low Tem perature  P h y s ic s . R. D av ie s , e d i t o r  (B u t te rw o r th  P u b l is h in g  
C o ., London, 1962.
*M. D. S h e r r i l l  and H. H. Edwards, Phys. Rev. L e t t e r s  6 , 1*60 (1961) . 
mD. B o n n e t t ,  S. E r lenkam per, H. Germer, and H. R ave n h o rs t,  Phys. 
L e t t e r s  25A. 1*52 (1 9 6 7 ) .  
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T h is  has been o b se rve d  by L a re d o . E x p e r im e n ta l ly  i t  has been
59 *nfound  by S la d e k  t h a t  K /K  is  p r o p o r t i o n a l  to  T wheregs gn
2
3 < n <  6 .  Assuming K^n to  be p r o p o r t i o n a l  to  T im p l ie s  t h a t ,
“ 3fro m  BRT's th e o ry ,  K s h o u ld  be p r o p o r t i o n a l  to  T . W e  f i n d
t h a t  between t  -  0 .3  t o  t  ■ 0 .5 5 ,  i s  p r o p o r t i o n a l  to
“ (2.1* ± 0 .1 )T w h ich  appears  to  be s i g n i f i c a n t l y  d i f f e r e n t  f ro m
th e  th e o ry  b u t  f a l l s  w i t h i n  l i m i t s  t h a t  c o r r o b o r a te  S la d e k 1s 
r e s u l t s .
B . M ixed  S ta te  C o n d u c t i v i t y
1 . Minimum o f  K i n  th e  M ixed  S t a t e .  The th e rm a l c o n d u c t i v i t y      '
o f  n io b iu m  as a f u n c t i o n  o f  the  a p p l ie d  f i e l d  has been measured 
f ro m  T -  8 .6 4 °K  to  T = 1 ,95°K  and r e p r e s e n ta t i v e  r e s u l t s  a re  shown 
i n  F ig .  6 .  For a l l  te m p e ra tu re s  above and e x c lu d in g  T *> 1 .95°K , 
i t  i s  fou n d  t h a t  th e  th e rm a l c o n d u c t i v i t y  rem ains  c o n s ta n t  up to  
th e  low er c r i t i c a l  f i e l d  Hc j .  A d ec rease  in  th e  c o n d u c t i v i t y  
o c c u rs  a t  where th e  m a g n e t ic  f i e l d  s t a r t s  p e n e t r a t in g  the  
sa m p le . T h is  dec rease  reaches a minimum a t  f i e l d s  s l i g h t l y  above 
Hc j ,  then  s t a r t s  in c r e a s in g  s lo w ly  u n t i l  i t  a t t a i n s  a c o n s ta n t  
v a lu e  a t  th e  upper c r i t i c a l  f i e l d  H ^ *  The d e p th  o f  th e  minimum 
as w e l l  as th e  sha rpn ess  o f  th e  d ro p  become more p ronounced as 
th e  te m p e ra tu re  i s  lo w e re d .  S im i l a r  b e h a v io r  i n  th e  m ixed s t a t e
CQ
has a ls o  been o b se rve d  on i n - T l  a l l o y s  by S la d e k ,  on In  + 3% Bi 
a l l o y s  by Dubeck et_ a l . , ^  on Nb^ g MO^ ^ a l l o y  and pu re  n io b iu m  
by L o w e l l  and Sousa, on pu re  n io b iu m  by M uto e t  al_. and N o to , 
and on P b - ln  a l l o y s  by Muto a l . ^  and M a m iy a . ^
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mixed s ta te  i s  g e n e r a l ly  e x p la in e d ,  on the bas is  o f  the  mechanism
15proposed in  the  " e f f e c t i v e  gap a p p ro x im a t io n , "  as the  r e s u l t
o f  th e  decrease o f  the  l a t t i c e  c o n d u c t i v i t y  K co n co m ita n t  w i th7 gm
the in c re a s e  o f  the e l e c t r o n i c  c o n d u c t i v i t y  K as the  a p p l ie d7 em r
m agne tic  f i e l d  i s  in c re a se d  from  Hc  ^ to  H ^ .  R e p re s e n ta t iv e
c u rv e s ,  c a lc u la te d  on the  b a s is  o f  t h i s  a p p ro x im a t io n  -  in t r o d u c in g
a reduced f i e l d  dependent energy  gap e (H , t ) / e ( 0 , t )  and u s in g  the
ta b le s  g iv e n  by L in d e r f e ld  and R o h re r^ *  -  a re  shown in  F ig ,  7,
and p re d ic te d  v a lu e s  o f  the  minimum a re  l i s t e d  in  T a b le  I
to g e th e r  w i t h  the  c o r re s p o n d in g  e x p e r im e n ta l  v a lu e s .  One no tes
th a t  the  e x is te n c e  o f  a minimum, in  t h i s  m odel, depends on the
a lg e b r a ic  sum o f  th e  s lop e s  o f  the m onoton ic  f i e l d  dependent
cu rves  K (H) and K ( H ) . T a b le  I shows th a t  the  v a lu e  o f  the gm em
minimum c a lc u la te d  in  t h i s  a p p ro x im a t io n  agrees f a i r l y  w e l l  w i t h  
e x p e r im e n t f o r  low er te m p e ra tu re s  where phonon c o n d u c t i v i t y  
i s  p re p o n d e ra n t .  For in c re a s in g  te m p e ra tu re s ,  a minimum i s  s t i l l  
found e x p e r im e n ta l l y  where th e  c a lc u la te d  v a lu e  i s  z e ro .  T h is  
p e rs is te n c e  o f  th e  minimum is  n o t  t r i v i a l ,  as e x p la in e d  be low .
The com parison o f  our r e s u l t s  w i t h  those  o f  Muto e t  i i K  and 
Noto leads to  a fundam enta l rem ark: The d a ta  o f  R e f .  *+, co n ce rn in g
the  minimum o f  th e  the rm a l c o n d u c t i v i t y  in  t h > m ixed s t a t e ,  
canno t be e x p la in e d  by a decrease o f  the  phonon c o n t r i b u t i o n  as
it
has been done above. The reason i s  t h a t ,  from  the d a ta ,  i t  is
c le a r  t h a t  the  phonon c o n t r i b u t i o n  Kg$ » even a t  i t s  maximum v a lu e ,
i s  much s m a l le r  than  the  decrease in  c o n d u c t i v i t y  (K “  K , )7 '  $ m in7
observed  a t  a l l  te m pe ra tu re s  above t  ■ T /T  “  0 .3 & 5 . I t  i s ,c
L *6jd
U‘0)3>/0*H)i>
0 Z ‘ t>* 9* 8' I
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t h e r e fo r e ,  im p e ra t iv e  to  p o s tu la te  th a t  the decrease (K -  K , )s min
is  due, a t  le a s t  in  p a r t ,  to  a decrease in  the  e le c t r o n i c
c o n t r i b u t i o n  upon e n t r y  in  the  mixed s t a t e ,  a p o s s i b i l i t y
&2m entioned r e c e n t ly  by o th e r  a u th o rs .  P o s s ib ly  a s c a t t e r i n g  o f
the  e le c t r o n s  by the  A b r ik o s o v  f l u x  l in e s  can be c o n je c tu re d ,
w hich the  com parison between th e  average f l u x  l in e s  s e p a ra t io n
('•'•'0.1 j i )  and e le c t r o n  mean f r e e  pa th  in  th e  sample o f  R e f .  4
(~1 u) does n o t r u le  o u t .  W ith  the p o s tu la te d  decrease in  K ,'  r  em
one can w r i t e K  ■ K + K  ■ K + (W . + W , )  * where W . i s  m gm em gm e i  e f  e i
a th e rm a l r e s i s t i v i t y  te rm  due to  the  s c a t t e r i n g  o f  uncondensed
e le c t r o n s  by im p u r i t i e s  and p o s s ib ly  phonons, and i s  a
r e s i s t i v e  te rm  due to  s c a t t e r i n g  o f  these  e le c t r o n s  by the  f l u x
l i n e s .  The term  W . decreases sm o o th ly  as the  f i e l d  i s  in c re a se de i  '
from  to  w*1 ‘ le  We f  would in c re a s e ,  go th ro ugh  a maximum 
(W -)  and decrease back to  z e ro  a t  H One can d i s t i n g u is h
FTioX
3 p o s s ib le  e x p e r im e n ta l  s i t u a t i o n s :  ( l )  the im p u r i t y  s c a t t e r i n g
is  v e ry  la rg e ,  W . »  (W * )  w h ich  w ou ld  be th e  case o f  a l l o y s ,  6 1 © r max
and the  minimum is  then  f a i r l y  accoun ted  f o r  by the d rop  in
l i k e  in  the  " e f f e c t i v e  gap a p p ro x im a t io n " ; * * *  (2 ) th e  im p u r i t y
s c a t t e r i n g  i s  v e ry  s m a l l ,  W , «  (W £) and K »  K , w h ich01 e r  max ©m gm
w ould  be the  case o f  v e ry  pure  i n t r i n s i c  typ e  I I  sam ples, l i k e
th e  pure n io b iu m  o f  R e f .  4 ;  the  minimum is  then  due to  the f i e l d *
dependence o f  (3 )  the  im p u r i t y  s c a t t e r i n g  i s  o f  in te rm e d ia te
s t r e n g th  and W . ~  (W c) . We b e l ie v e  t h i s  t h i r d  case to  e i  e r  max
co rresp on d  to  the r e s u l t s  o f  the  p re s e n t  w ork  and the o r i g i n  o f  
the  minimum may then  depend on the te m p e ra tu re  ra n ge . A t  low
32
te m pe ra tu res  where K >  K , the  minimum is  m o s t ly  due to  thegs es 1
drop in  th e  phonon c o n d u c t i v i t y  and good agreement is  found w i t h
the  ' ' e f f e c t i v e  gap'1 c a l c u l a t i o n s .  A t h ig h e r  te m p e ra tu re s ,
K < K , the  in f lu e n c e  o f  a d rop  in  K becomes n e g l i g i b l e  bu t gs es r  gs 3 ^
a minimum m ig h t  s t i l l  appear due to  the  in f lu e n c e  o f  the  v a r i a t i o n
in  W Tab le  I shows e v id e n ce  o f  t h i s  t r a n s i t i o n a l  b e h a v io r  e r
s in c e  one can see th a t  the minimum a t  te m p e ra tu re  t  > 0 .5  is  
unaccounted f o r  by the  " e f f e c t i v e  gap" a p p ro x im a t io n .  In  
F ig .  8 , we have p lo t t e d  f o r  o u r  d a ta  and t h a t  o f  R e f .
the  presence o f  two d i s t i n c t  re g io n s  above and below t  *  0 .5  is  
c h a r a c t e r i s t i c  o f  our r e s u l t s  and we c o n je c tu re  t h a t  below 
t  -  0 .5  the  in f lu e n c e  o f  th e  decrease in  th e  phonon c o n d u c t i v i t y  
i s  p redom inan t w h i le  above t h i s  te m p e ra tu re  i t  is  the v a r ia t i o n  
o f  the  e le c t r o n i c  c o n d u c t i v i t y  w h ich  becomes re s p o n s ib le  f o r  the 
m ixed s ta te  b e h a v io r .  The i n s e r t  in  F ig .  8 shows the  s teep  
decrease o f  K^s /K s as th e  te m p e ra tu re  i s  r a is e d  from  be low to  
above t  -  0 . 5 .
T h is  suggested  s c a t t e r i n g  o f  the  e le c t r o n s  by th e  f l u x  l in e s  
d e se rves , in  o u r  o p in io n ,  some f u r t h e r  i n v e s t i g a t i o n .
2 . The Tem perature  Dependence o f  ancl x ^ ( t ) .  A t h e o r e t i c a l
s tu d y  o f  the  te m pe ra tu re  dependence o f  the upper c r i t i c a l  f i e l d
has been made by Gorkov^ who has c a lc u la te d  a lower bound to  H ,
c Z
a t  T ■ 0 f o r  pure  specimens and has proposed a s im p le  i n t e r ­
p o la t in g  p o ly n o m ia l  f o r  H ^ C T )  to  l i n k  h is  T ■ 0 p o in t  w i t h  known 
r e s u l t s  a t  h ig h e r  te m p e ra tu re s .  M a k i^  and deGennes^ have 
c a lc u la te d  the  te m p e ra tu re  dependence o f  H ^ C t )  and the
33










co r re s p o n d in g  r a t i o  o f  the param eter X j ( t ) / x j ( l )  f o r  d i r t y
o
specimen where X j ( t )  -  Hc ( t ) .  H e lfa n d  and Werthamer
have s o lv e d  e x a c t l y  the  e ig e n v a lu e  e q u a t io n  f o r  8 ^ ( 0  f o r  a l l
te m p e ra tu res  and f o r  a l l  c o n c e n t ra t io n s  o f  the im p u r i t i e s .  They
have d e f in e d  a param ete r h”  = Hc 2 ( t ) / ( - d H c 2 ( t ) / d t ) t - 1  and have
shown i t s  te m p e ra tu re  dependence f o r  pure and d i r t y  l i m i t s .  T h is
param eter has the  advantage o f  b e ing  independen t o f  any assumed
te m p e ra tu re  dependence f o r  Hc ( t ) .  In F ig .  9 we have p lo t t e d  h
a g a in s t  the  reduced te m p e ra tu re  t  a long  w i t h  H e lfa n d  and
W ertham er 's  t h e o r e t i c a l  r e s u l t s  f o r  pure and d i r t y  s u p e rc o n d u c to rs .
We f i n d  t h a t  o u r  r e s u l t s  agree more w i th  the  d i r t y  l i m i t  in  the
p l o t ;  a l th o u g h  c o n s id e r in g  th a t  the  p re s e n t sample has
we sho u ld  e xp ec t the  e x p e r im e n ta l  p o in ts  to  f a l l  c lo s e r  to  the
pure  l i m i t  c u rv e .  T h is  type  o f  d is c re p a n c y  u s in g  the h vs t
p l o t  has a ls o  been re p o r te d  r e c e n t l y  on P b - ln  a l l o y s  by Dubeck,
63A s to n ,  and R o th w a rf  who f i n d  t h a t  t h e i r  r e s u l t s  on a 28 a t .  % 
tn  a l l o y  sample f a l l s  c lo s e r  to  the  pure  l i m i t  than  t h e i r  1 .5  a t .  % 
In  a l l o y  w h ich  f a l l s  c lo s e r  to  th e  d i r t y  l i m i t .
To f i n d  X j ( t )  we need the thermodynamic c r i t i c a l  f i e l d  Hc .
In  th e  absence o f  m a g n e t iz a t io n  measurements we have c a lc u la te d  
H (0 ) by u s in g  th e  BCS r e l a t i o n  H (0 )  -  / 2 y * ^ 2T , w h ich  connects
C  C O
Hc (0 ) w i t h  the  e le c t r o n i c  s p e c i f i c  h e a t c o n s ta n t  y  and the
c r i t i c a l  te m p e ra tu re  Tc - The p u b l is h e d  va lu e s  o f  5 5 ,5 6 ,6 4 -6 6
2 2 range from  7 .50  m j/m o le  deg to  7 .85  mJ/mole deg . Using
y  •  7 .85  mJ/mole deg2 and T -  9 .0 °K , we f i n d  H „ (0 )  -  1940 Oe.c c














H ( t )  w h ich  has been used t o  c a l c u la t e  X , ( t )  -  [ (H  _ ( t ) ) / / 2  H ( t ) ]
C 1 Cd.  c
where Hc 2 ( t ) i s  the  e x p e r im e n t a l l y  d e te rm in e d  v a lu e  o f  th e  upper
c r i t i c a l  f i e l d  f ro m  th e rm a l c o n d u c t i v i t y  measurements i n  the
m ixed s t a t e .  O h t s u k a ^  has a ls o  fo l lo w e d  t h i s  method to  c a lc u la t e
H ( 0  and x , ( t )  f ro m  the  m a g n e to c a lo r ic  m easurem ents . The 0 “
p a r a b o l i c  te m p e ra tu re  dependence assumed f o r  H ( t )  has r e c e n t l y  beenc
41c o n f i rm e d  by th e  m a g n e t iz a t io n  measurements o f  French and does
n o t ,  as a consequence, in t r o d u c e  a sou rce  o f  e r r o r .
The e x t r a p o la t e d  v a lu e  o f  X j ( t )  a t  t  -  1 i s  found  to  be
X j ( l )  ■ 1.1** ± .0 3 .  T h is  v a lu e  i s  s u r p r i s i n g l y  la rg e  when
1*1compared t o  F re n c h 's  X j ( 0  ■ 0 .8 3  f o r  in s ta n c e ,  b u t  one can show 
t h a t  t h i s  r e f l e c t s  o n ly  the  s h o r t  e l e c t r o n i c  mean f r e e  pa th  in  
th e  p re s e n t  sam p le . T h e o ry  r e q u i r e s  t h a t  X jC l )  ■ x ( 1) a t  t  -  1 
where x ( t )  i s  the  G in zb u rg -L a n d a u  p a ram e te r  co nne c ted  to  th e  weak
f i e l d  p e n e t r a t io n  d e p th  Xq and th e  therm odynam ic  c r i t i c a l  f i e l d
2 68 Hc by x ( t )  « 2 /2  eHc (t)X Q  A le .  Goodman has extended Gorkov's
t h e o ry  and has shown t h a t  x ( t )  can be s e p a ra te d  i n t o  two
components, x ( l )  ■ x^ + X^« Xq is  a constan t c h a r a c t e r is t i c  o f
the pure m eta l and x^ is  dependent on the e le c t r o n ic  mean f re e
3 1 /2p a th  g iv e n  by the  r e a l t i o n  x ^  *  7*53 x 10 p^y  where y  i s  the
s p e c i f ic  h e a t  constant and p^ is  the normal s ta te  r e s i s t i v i t y  in
- 7  3 3 2
t>cm . Using -  5 .2  x 10 O-cm and y  -  7*162 x 10 ergs/cm  deg ,
we f in d  x^ “  0 ,331  and x^ •  0 .8 1  ±  0 . 0 3 .  Th is  va lue  o f  Xq agrees
1*1very  w e l l  w i th  the va lue  0 .8 1 5  reported  by French from  
m a g n e tiza t io n  measurement and is  comparable to  0 .8 7  by ftosenblum 
from r e s i s t i v i t y  measurements and 0 .7 8  by FSS a ls o  from
37
m a g n e t iz a t io n  measurements, t t  i s ,  th e r e fo r e ,  th e  component x . .
At
depending on the  mean f r e e  p a th ,  w h ich  i s  re s p o n s ib le  f o r  the 
la rg e  va lu e  X j ( 0  "  1.1** ± .03 found h e re .  Though i t  i s  la rg e
ix i
when compared to  0 .7 8  by FSS, 0 .83  by French , and 0 .92  by
I kushima e ^  in  much p u re r  samples ( r  > 800) i t  i s  s m a l le r
than the  va lue  2 .37  found by Da S i l v a  e_t ,al_.*^ f o r  an impure
sample ( r  “  7) *
The r a t i o  x ^ ( t ) / x ^ ( l )  has been p lo t t e d  in  F ig .  10 a long
9
w i th  the  t h e o r e t i c a l  r e s u l t s  o f  E i le n b e rg e r  f o r  the  pure  case
-  0 , £ t r  ■ A) and f o r  the  in te rm e d ia te  case ( ^ Q ^ t r  "
A “ A) .  T h e o r e t ic a l  r e s u l t s  o f  M ak i^  f o r  d i r t y  a l l o y s
*+1(£ q/A  •* « )  and the  e x p e r im e n ta l  r e s u l t s  o f  French are a ls o
shown in  th e  same f i g u r e .  We f i n d  t h a t  as observed
e a r  l i e r , * * * >**2,67, 70, 71 x  ( t ) / x j ( l )  in c re a se s  w i t h  d e c re a s in g
te m p e ra tu re  a t  a much f a s t e r  r a te  than the  th e o ry  p r e d i c t s .  The
e x t r a p o la te d  va lu e  o f  X j ( t ) / X | ( l )  a t  t  ■ 0 i s  found to  be 1.53
w hich  is  20% h ig h e r  than  the th e o ry  f o r  the pure  sample and 10%
*+1s m a l le r  than  the e x p e r im e n ta l  r e s u l t  on one o f  th e  p u re s t  
samples in v e s t ig a te d  so f a r .  However, i t  i s  h ig h e r  by 6% when 
compared to  Da Si 1 va £ t  r e s u l t s  on less  pure samples
(F  *  7 ) .  I t  appears , t h e r e fo r e ,  t h a t  th e  e x p e r im e n ta l  va lu e s  o f  
X | ( 0 ) / x ^ ( l )  found f o r  n io b iu m  co ve r  a range w hich  r e f l e c t s  the 
co m p a ra t ive  p u r i t y  o f  the sam ples, bu t a l l  va lues  a re  la r g e r  than 
expec ted  from  th e o ry .
T h is  s y s te m a t ic  d is c re p a n c y  may be r e la te d  to  the  r e s u l t s  
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c u b ic  c r y s t a l s  l i k e  n io b iu m  th e  a n is o t r o p y  in  H a r is e s  from  the
n o n lo c a l  c o r r e c t i o n s  to  the  GLAG th e o ry  w h ich  w ou ld  g iv e  a
n o n e s p h e r ic a l  Fermi s u r fa c e  c o n d i t i o n  and n o t  fro m  the  a n is o t r o p y
o f  th e  no rm a l m e ta l  Fermi s u r fa c e  i t s e l f .  From th e  c a l c u l a t i o n ,
the y  have shown t h a t  th e  a n is o t r o p y  depends on the  im p u r i t y  and
te m p e ra tu re ;  the  a n is o t r o p y  b e in g  h ig h e r  f o r  low t  and h ig h  £,
9
and th a t  E i le n b e r g e r 's  th e o r y  re p re s e n ts  a low er l i m i t  f o r  H ^ t t )  
and X j ( t ) .  A l th o u g h  th e  e x p re s s io n  ca n no t be e v a lu a te d  d i r e c t l y ,  
i t  i s  e x p e c te d  t h a t  X j ( 0 ) / x j ( l )  w i l l  be h ig h e r  th a n  1 .26  f o r  
pu re  spec im ens, b u t  f o r  o u r  sample o f  in t e r m e d ia te  p u r i t y  the  
va lu e  o f  1 .53  m ig h t  be to o  h ig h  to  be e x p la in e d  on th e se  g ro u n d s .
123 .  The S lope  o f  Km f o r  H C lose  t o  C a r o l i  and C y r o t  have
p r e d ic te d  t h a t  f o r  a d i r t y  typ e  I I  s u p e rc o n d u c to r  (£  «  £q) the
e l e c t r o n i c  th e rm a l c o n d u c t i v i t y  i n  the  m ixed  s t a t e  i s  p r o p o r t i o n a l
to  -  H) ne a r the  upper c r i t i c a l  f i e l d  Hc 2 , w h ich  i s  the
g a p le s s  r e g io n ,  and t h a t  th e  r a t i o  o f  the  s lo p e  o f  the  th e rm a l
c o n d u c t i v i t y  t o  th e  s lo p e  o f  the  m a g n e t iz a t io n  n e a r H ^  * s a
u n iv e r s a l  f u n c t i o n  o f  te m p e ra tu re .  For o u r  sample w h ich  has
£ ~  in* w® f i n d  t h a t  K «  (H _ -  H) n o t  o n ly  ne a r H „  b u t a ls o  — *0  m '  c2 '  c2
o v e r  a w id e  range o f  the  m ixed  s t a t e .  T h is  has a ls o  been
3
o b se rve d  by L o w e l l  and Sousa on  NbQ M0q 2 a l l o y s ,  by
72
L o w e l l  and H ende lssohn  on Nb-Ta a l l o y s ,  and by L in d e n fe ld
73 13e_t _al_. on In - B i  a l l o y s .  H ak i has shown t h a t  f o r  a p u re  ty p e
I I  s u p e rc o n d u c to r  ( l  »  th e  th e rm a l c o n d u c t i v i t y  i n  th e  m ixed
s t a t e  nea r th e  upper c r i t i c a l  f i e l d  H^2 i s  p r o p o r t i o n a l  to
40
1 /2(Hc 2 “  H) . W e  do n o t  f i n d  any such f i e l d  dependence o f  the
c o n d u c t i v i t y ,  bu t i t  has been observed f o r  pure n io b iu m  samples
3 4by L o w e l l  and Sousa and by Muto e_t _al_. In  the  case o f  a
sample o f  in te rm e d ia te  p u r i t y  ( i  ~  £q) l i k e  the  one in v e s t ig a te d
h e re ,  i t  i s  i n t e r e s t i n g  to  n o te  th a t  we have unambiguous agreement
w i t h  the  c o n s ta n t  s lo p e  b e h a v io r  p re d ic te d  by th e  d i r t y  l i m i t
th e o ry  o f  R e f .  12 (see F ig .  6 ) ,  b u t la rg e  d is c re p a n c ie s  appear
when a q u a n t i t a t i v e  com parison i s  made o f  the  te m p e ra tu re
12dependence o f  th e  s lo p e  dK^/dH . C a r o l i  and C y r o t 's  r e s u l t s  g iv e
"i) .  . z,tcI<b xna(1>(j +  »> t- *  jQi (3)
*  n m o l e V 1 } { * * * >
where the s lo p e  o f  the  m a g n e t iz a t io n  dM/dH near ^ * s 9 * v®n hy
74A b r ik o s o v 's  th e o ry  as
-'***<--------4 —  • w
*  1 .16  (2 X ,Z -  1)
The param eter x i s  r e la t e d  to  the e le c t r o n  p a i r  l i f e t i m e
-1hy the  r e l a t i o n  x ■ [4ffkgT r ^ ]  and i s  d e f in e d  by
where 0 (x )  i s  th e  digamma fu n c t i o n ,  and ^ ) ^ ^ ( x )  and (x )
are defined by
-  £   5------r  (6 )
n -0  (n  + x )
Eq. (3 )  has been e v a lu a te d .  To make a q u a n t i t a t i v e  com parison  o f  
o u r  e x p e r im e n ta l  s lo p e s  w i t h  the  th e o r y ,  we have s u b s t i t u t e d  ou r 
e x p e r im e n t a l l y  d e te rm in e d  x ^ ( t )  in  p la c e  o f  j ^ C O  *n Eq* (*0 *
T h is  leads  t o  a c a lc u la t e d  v a lu e  o f  dM/dH w h ich  is  an upper l i m i t
o f  the  a c tu a l  v a lu e  s in c e  i t  has been shown by Maki and S u a u k i ^ ,
9 7E i le n b e r g e r ,  and C a r o l i ,  C y r o t ,  and deGennes t h a t  f o r  any
te m p e ra tu re  t ,  ^  T h is  i n e q u a l i t y  has been c o n f i rm e d
*tlby FSS and F rench  in  pure  n io b iu m  and the  e q u a l i t y  has been
c o n f i rm e d  on a l l o y s  by McConvi 1 le  and S e r in ^ *  and by Bon h a rd io n
,et The upper l i m i t  f o r  the t h e o r e t i c a l  v a lu e  o f  dK/dH
o b ta in e d  in  t h i s  manner and o u r  e x p e r im e n ta l  r e s u l t s  a re  both
p lo t t e d  i n  F i g .  11 a g a in s t  th e  reduced  te m p e ra tu re  t .  The
t h e o r e t i c a l  r e s u l t s  show a maximum a t  t  -  0 .3 *  whereas the
e x p e r im e n ta l  r e s u l t s  show a maximum a t  t  •  0 .7 5 .  A ls o  the
m a gn itud e  o f  th e  o b se rve d  maximum o f  dK/dH i s  abou t te n  t im es
h ig h e r  th a n  th e  t h e o r e t i c a l  p r e d i c t i o n .  T h is  d isa g re e m e n t has
72
been n o te d  by L o w e l l  and M ende lssohn on Ta**Nb a l l o y s .  The 
2
R u tg e rs  g ro u p  has a ls o  r e p o r te d  a t  th e  C le v e la n d  C on fe rence  on 
s u p e r c o n d u c t i v i t y  t h a t  f o r  t h e i r  im pure  n io b iu m  sample the  
d is a g re e m e n t between th e  th e o ry  and e x p e r im e n t  was abou t 30%, 
w h i l e  f o r  p u re  n io b iu m  th e  e x p e r im e n ta l  r e s u l t  was h ig h e r  by a 
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t h e r e fo r e ,  conc lude  th a t  the  e x p e r im e n ta l  e v id e n ce  on i n t r i n s i c  
type I I  s u p e rc o n d u c to rs ,  f o r  samples w h ich  show a c o n s ta n t  s lop e  
in  the  m ixed s t a t e ,  p o in ts  to  la r g e r  va lu e s  o f  dK/dH than 
expected  from  th e o ry  and to  a s te e p e r  v a r i a t i o n  w i t h  te m p e ra tu re .
CHAPTER I I I 
MAGNETOCALORIC EFFECTS
A. M a g n e to c a lo r ic  E f f e c t  and H y s t e r e t i c  H e a t in g
When a sample i s  enc lo se d  in  a vacuum c a lo r im e te r  and the
m agne tic  f i e l d  is  sw ept, two a l t e r n a t i v e  m a n i fe s ta t io n s  o f  i t s
m a g n e to c a lo r ic  e f f e c t  can be observed depending on th e  th e rm a l
c o n ta c t  between th e  sample and the b a th :  ( i )  when the  sample is
th e r m a l ly  i s o la t e d  from  the ba th  and the  m agne tic  f i e l d  is  swept,
an o v e r a l l  in te g r a te d  m a g n e to c a lo r ic  e f f e c t  i s  observed  w hich
g iv e s  th e  t o t a l  amount o f  h e a t Q produced as a f u n c t i o n  o f  the
20a p p l ie d  f i e l d .  The o b s e rv a t io n s  o f  Ohtsuka and Takano, Barnes
22 23and Hake, and F l ip p e n ,  are o f  t h i s  ty p e .  In in c re a s in g  f i e l d s ,
the  tem p e ra tu re  o f  the sample s t a r t s  d e c re a s in g  a t  t h i s
v a r ia t i o n  c o n t in u e s  m o n o to n ic a l ly  as the  f i e l d  i s  in c re a s e d  and 
s to ps  a t  the upper c r i t i c a l  f i e l d  * There is  no m a g n e to c a lo r ic  
c o o l in g  above and the  tem p e ra tu re  o f  the sample s t a r t s  d r i f t i n g  
under the  in f lu e n c e  o f  h e a t leaks  t i l l  i t  a t t a i n s  th e  ba th  tem per­
a tu r e .  S im i la r  o b s e rv a t io n s  have a ls o  been made by the  au tho r 
on a vanadium s in g le  c r y s t a l . u n d e r  th e  above d e s c r ib e d  e x p e r im e n ta l  
c o n d i t i o n s ,  ( i i )  When the sample i s  in  a l im i t e d  th e rm a l c o n ta c t  
w i th  the  bath and the  m agne tic  f i e l d  i s  v a r ie d ,  the te m pe ra tu re  
o f  the  sample r e f l e c t s  a t  each i n s t a n t  the  r a te  a t  w h ich  he a t is
e v o lv e d .  T h is  is  the case in  th e  p re s e n t  work and in  the  work
2 1o f  Goedemoed £ £  We measure th e  ra te  o f  h e a t  e v o lv e d  Q. as




The d e ta i le d  d e s c r ip t io n  o f  the p rocedu re  to  c a lc u la t e  Q. from  the
e x p e r im e n ta l  d a ta  i s  g ive n  in  Appendix  I .
F ig u re  12 shows a p l o t  o f  the  ra te  o f  h e a t  e v o lv e d  Q, a g a in s t
the a p p l ie d  m agnetic  f i e l d  f o r  d i f f e r e n t  te m p e ra tu re s  above 4 .2°K
and f i g u r e  13 shows the same p l o t  f o r  4 ,2 °K  and lower te m p e ra tu re s .
In these two f i g u r e s ,  c o o l in g  o f  the sample i s  denoted by p o s i t i v e
s ig n  and h e a t in g  by n e g a t iv e .  S t a r t i n g  from  ze ro  the  m agnetic
f i e l d  was swept a t  the c o n s ta n t  r a te  o f  5 .73  O e /se c , We n o te
th a t  because o f  the u n i fo rm  ra te  a t  w hich the e x te r n a l  m agne tic
f i e l d  i s  c h a n g in g ,  the above cu rve s  a ls o  re p re s e n t  the ra te  o f
h e a t  e vo lve d  Q as a f u n c t io n  o f  t im e .  Above 3*2°K the  te m p e ra tu re
o f  the  sample decreases s h a rp ly  a t  the  low er c r i t i c a l  f i e l d  Hc j ,
reaches a minimum, then s t a r t s  in c re a s in g  s lo w ly  as the  f i e l d  i s
k e p t  in c r e a s in g ,  and f i n a l l y  comes back to  th e  te m p e ra tu re  o f  the
bath  a f t e r  the  upper c r i t i c a l  f i e l d  has been reached .
20Ohtsuka and Takano have shown, by com paring t h e i r  m a g n e to c a lo r ic
d a ta  to  t h e i r  s p e c i f i c  h e a t measurements, t h a t  the  f i e l d  a t  which
the  m a g n e to c a lo r ic  e f f e c t  d is a p p e a rs  i s  the upper c r i t i c a l  f i e l d
Hc2 * Below 3 .2 °K  (see f i g .  13) m ixed c a l o r i c  b e h a v io r  i s  observed :
i r r e v e r s i b l e  h e a t in g  appears , l o c a l i z e d  in  the  re g io n  im m e d ia te ly
above w h i le  r e v e r s ib le  c o o l in g  i s  s t i l l  observed  in  the re g io n
p re ce d in g  T h is  re g io n  o ve r w h ich  the  c o o l in g  s t i l l  appears
decreases as we go lower in  tem p e ra tu re  and f i n a l l y  d isa p p e a rs  a t  about
1 .4  K as shown by the cu rve  f o r  1 ,4°)C in  f i g u r e  13 and measurements 
25by Zebouni e t  a I on the same sam ple .







































f i e l d  f o r  r e p re s e n ta t i v e  te m p e ra tu re s .  H ea t in g  appears a t  H _c 2
w hich in c re a s e s  w i th  d e c re a s in g  f i e l d  and reaches a maximum near 
^ c l *  ^e a t * n9 does n° t  d isa p p e a r  a t  Hc j  as one would e x p e c t .
T h is  may be due e i t h e r  to  a t im e  lag  in  the  response o f  the 
therm om eter, o r  more p ro b a b ly  to  in co m p le te  e x c lu s io n  o f  the  f l u x  
a t  H  ^ ( t ra p p e d  f l u x ) .  To take  i n t o  accoun t the  the rm a l r e la x a ­
t i o n  t im e o f  the system the upper c r i t i c a l  f i e l d  has been taken 
a t  the  p o in t  where the te m p e ra tu re  o f  the  sample s t a r t s  in c re a s in g  
s h a rp ly  tow ard  the  bath  te m p e ra tu re  r a th e r  than the  p o in t  where 
the  sample a c t u a l l y  reaches th e  ba th  te m p e ra tu re .
The h e a t e v o lv e d  in  the  mixed s ta te  c o n s is ts  o f  two p a r t s .
The f i r s t  p a r t  i s  due t o  the  m a g n e to c a lo r ic  e f f e c t .  As the sample 
i s  m agne tized  from  the  su p e rc o n d u c t in g  s ta te  to  the  norm al s ta te  
under a d ia b a t ic  c o n d i t i o n s ,  i t s  e n t ro p y  in c re a s e s  from  in  the 
s u p e rc o n d u c t in g  s ta te  to  Sn in  th e  normal s t a t e .  I f  no h e a t i s
s u p p l ie d  to  th e  sample d u r in g  th e  m a g n e t iz a t io n  p rocess  i t s
78te m p e ra tu re  d e c re a s e s .  From thermodynamic c o n s id e ra t io n s  maximum 
c o o l in g  shou ld  appear a t  7Q/ / 3  and i t  sh o u ld  be ze ro  a t  T ■ 0°K 
and a t  T ■ Tc . The second c o n t r i b u t i o n  to  the  h e a t e v o lv e d  in  th e  
mixed s ta te  i s  due to  the  i r r e v e r s i b l e  h e a t in g .  The mechanism 
re s p o n s ib le  f o r  the  h e a t in g  i s  e x p la in e d  in  the  n e x t  p a ra g ra p h . 
V i s u a l i z i n g  the  m ixed s ta te  in  terms o f  q u a n t iz e d  f l u x  l in e s
whose d e n s i t y  n g iv e s  the  in d u c t io n  B -  r*p , where <p “  2 .07  x 10- ^o o
2
G/cm is  the  f l u x  quantum, th e  c u r r e n t  d e n s i t y  J in  th e  s h ie ld in g  
re g io n  i s  c re a te d  due t o  the chang ing  f l u x  d e n s i t y  in s id e  the 
su p e rco n d u c to r  th rou gh  M a x w e l l 's  e q u a t io n  c u r l  B ■ I f irJ . In  th e
**9
presence o f  t h i s  c u r r e n t  d e n s i t y  a L o re n tz  fo r c e  a c ts  on the 
f l u x  s t r u c t u r e .  The r e a c t io n  to  t h i s  fo r c e  i s  p ro v id e d  by inhomo­
g e n e i t ie s  in  the m a t e r ia l  c r e a t in g  lo c a l  v a r ia t io n s  o f  the mean f r e e
79e ne rgy  o f  the  f l u x  s t r u c t u r e .  I f  a fo r c e  e q u a l to  the lo c a l  
e ne rgy  g r a d ie n t  i s  a p p l ie d ,  a f l u x o i d  w i l l  leave  i t s  minimum energy  
s i t e  and move i n t o  the  n e ig h b o r in g  minimum a f t e r  the  e nergy  maximum 
in  between has been passed. The e nergy  between the  maximum and 
the  minimum i s  c o m p le te ly  d is s ip a t e d .  T h is  co n cep t i s  c a l l e d  
f l u x  p in n in g  and th e  im p e r fe c t io n s  are r e fe r r e d  to  as p in n in g  
s i t e s .  A second c o n t r i b u t i o n  to  the r e a c t io n  to  the  L o re n tz  fo r c e ,  
independen t o f  f l u x  p in n in g ,  comes from  the r e s is ta n c e  t o  f l u x  
f lo w  w h ich  i s  c h a r a c te r iz e d  by a v i s c o s i t y  T). I f  the  a c tu a l  speea 
o f  the f l u x  l i n e  i s  v , and the  p in n in g  fo r c e  i s  Fp , then
“ FP - n v (8)
For a s e m i - f i n i t e  s la b ,  where f l u x  d e n s i t y  B v a r ie s  w i th
_  ^ -ip
th e  x  c o o rd in a te  (FL -  ^  “ ) and f l u x  moves w i t h  v e l o c i t y  v in
doth e  y d i r e c t i o n ,  M orton  has shown t h a t ,  w r i t i n g  F^ ■ F? + tj v o r  
pe r u n i t  vo lume:
J(B ♦ B ) -  Of + T) V £ -  (9)
o
where J i s  th e  s h ie ld in g  c u r r e n t  d e n s i t y ,  otc i s  the  p in n in g  fo rc e  
per u n i t  volume o f  the  m a t e r ia l ,  Bq i s  a c o n s ta n t  f o r  the m a t e r ia l ,  
t) i s  the v i s c o s i t y  c o e f f i c i e n t  pe r u n i t  le n g th  o f  f l u x o i d ,  i s
the  f l u x  quantum and B/<pQ is  the  number o f  f l u x  l in e s  per u n i t  a re a .
50
The power d i s s i p a t i o n  w hich  i s  th e  p ro d u c t  o f  the s h ie l d in g  c u r r e n t
and the  e l e c t r i c  f i e l d  induced  by the  m o t io n  o f  the  f l u x  l in e s
r * 80E ■ B v  ■ J Bdx has been shown by M o r to n  i n  the  l i m i t  o f  s m a l l  7}
to  be
;  H H r i /1 6  71 HH \ 1/2 , 2  ,
Q. “  '8'flka~ l 1  -------  2~ ) e rg /c m  -  s ( 10)
c » 0XC(C
A lth o u g h  the  above e x p re s s io n  has been d e r iv e d  f o r  a s la b ,
i t  i s  q u a l i t a t i v e l y  c o n f i rm e d  by the  fe a tu r e s  o f  the  i r r e v e r s i b l e
h e a t in g  o b se rve d  in  th e  p re s e n t  w o rk .  T a k in g  i n t o  acco u n t the
81e x p e r im e n t a l l y  o bse rved  f a c t  t h a t  the  p in n in g  fo r c e  a  in c re a s e sc
w i t h  d e c re a s in g  te m p e ra tu re ,  e q u a t io n  ( 10) shows t h a t  th e
i r r e v e r s i b l e  h e a t in g  s h o u ld  in c re a s e  w i t h  d e c re a s in g  te m p e ra tu re
w h ich  agrees  w i t h  th e  p re s e n t  o b s e r v a t io n s  (see f i g u r e  1 3 ) .  The
appearance o f  pu re  c o o l in g  and i t s  q u a s i - r e v e r s i b l e  b e h a v io r  a t
a l l  te m p e ra tu re s  above 3 . 2°K as shown in  f i g u r e s  12 and 13, shows
t h a t  the  e f f e c t  o f  i r r e v e r s i b l e  h e a t in g  i s  s m a l le r  than  the
m a g n e to c a lo r ic  c o o l in g  a t  h ig h e r  te m p e ra tu re s .  As th e  te m p e ra tu re
i s  low e red  the  m a g n e to c a lo r ic  c o o l i n g  dec rease s  (see f i g u r e  12
and f i g u r e  16 f o r  T <  T / / 3 )  whereas th e  i r r e v e r s i b l e  h e a t in g
in c re a s e s  and be low  a c e r t a i n  te m p e ra tu re ,  a bou t 1 .4 °K , h e a t in g
is  fou n d  e x te n d in g  o v e r  th e  w ho le  m ixed s t a t e .
The d i s t r i b u t i o n  o f  h e a t in g  in  th e  m ixed  s t a t e  and i t s  sha rp
maximum near c o u ld  be r e la t e d  to  the  b e h a v io r  o f  th e  p in n in g
82fo r c e  p e r  u n i t  volume a  . W ip f  has shown by m e asur ing  th e  to rq u ec
under s t a t i c  c o n d i t i o n  t h a t  th e  p in n in g  f o r c e  p e r  u n i t  vo lume i s
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maximum j u s t  above Hc j  and then  decreases l i n e a r l y  to  0 a t  H ■
(see i n s e r t ,  f i g .  1 3 ) .  The p in n in g  fo rc e s  oppose the m o tion  o f  
the  f l u x  l in e s  and c re a te  a f r i c t i o n - l i k e  phenomenon. The 
d i s s i p a t i o n  o f  h e a t a s s o c ia te d  w i t h  t h i s  f r i c t i o n  can in  the  words 
o f  W ip f be d e s c r ib e d  as f o l lo w s :  "Movement o f  the f l u x  l in e s  (o r
bund les) leads to  energy  lo s s e s .  These are due to  v ib r a t io n s  o f  
the  l a t t i c e ,  s t im u la te d  by the  re le a s e  o f  the  p in n in g  c e n t re s ,  and 
v ib r a t io n s  o f  the  f l u x  l in e s  them se lves w i t h  e m iss io n  o f  h ig h
q-a
fre q u e n cy  n o is e  (n o t  observed  to  d a t e ) " .  I t  i s  i n t e r e s t i n g  to  
n o te  w i t h  W ip f t h a t  th e re  c o u ld  be a p r o p o r t i o n a l i t y  r e l a t i o n  
between the p in n in g  fo r c e  and the m a g n e t iz a t io n ,  though th e re  i s  no 
c le a r  g rcund f o r  such as a ssu m p t io n . I t  seems more l i k e l y  t h a t  
the  r e l a t i o n  i s  between th e  p in n in g  fo r c e  s t re n g th  and the  amount 
o f  h y s te r e s is ,  from  w hich i t  f o l lo w s  t h a t  the h e a t in g  sh o u ld  be 
maximum in  the re g io n  near where maximum h y s te r e s is  is  a lways
o b se rve d , i t  i s  f o r  t h i s  reason t h a t  t h i s  phenomenon i s  d e s c r ib e d  
he re  as h y s t e r e t i c  h e a t in g .
The p ro d u c t io n  o f  h ea t a t  H . below 3*2°K in  the p re s e n t  case
C X
21i s  j u s t  o p p o s i te  to  t h a t  observed  by Goedemoed e_t T h e i r
m a g n e to c a lo r ic  measurements on a bund le  o f  a hundred n io b ium  w ire s  
(d ia m e te r  ■ 0 .01  cms and le n g th  -  3 .3  cm) show th a t  pure c o o l in g  
i s  produced above 6 .0 °K  and pure  h e a t in g  be low  4 .2 ° K .  A t 5 .3°K  
they  f i n d  mixed b e h a v io r ,  bu t c o n t r a r y  to  the  p re s e n t  case, th e y  
o bserve  c o o l in g  l o c a l i z e d  in  th e  re g io n  im m e d ia te ly  above Hc j .
T h is  c o u ld  be due to  th e  r e s u l t  o f  the  o v e r a l l  b e ha v io r  o f  
d i f f e r e n t  w i re s  w h ich  may have d i f f e r e n t  c h a r a c t e r i s t i c s  depending
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on t h e i r  im p u r i t y  c o n te n t  and s t r u c t u r a l  d e fe c ts  c o n te n t  and i s  n o t
a genu ine  p h y s ic a l  phenomenon.
As the  p in n in g  c e n t re s  d e n s i t y  in c re a s e s  w i t h  in c re a s in g
im p u r i t i e s  and in c re a s in g  d e n s i t y  o f  s t r u c t u r a l  d e fe c ts ,  the  p in n in g
fo r c e  per u n i t  volume « c w i l l  in c re a s e  a c c o rd in g ly  and the
80i r r e v e r s i b l e  h e a t in g  a c c o rd in g  to  M o r to n 's  c a l c u l a t i o n ,  in  such
samples, w i l l  be h ig h e r  than  in  a more id e a l  sam p le . T h is  has
25
been dem onstra ted  by Zebouni e_t a_l_. on pure  and impure n iob ium  
sam ples . The appearance o f  h e a t in g  a t  h ig h e r  te m p e ra tu re  in  
re fe re n c e  21 on a r e l a t i v e l y  impure sample a ls o  su p p o r ts  M o r to n 's  
r e s u l t .
B. M a g n e t iz a t io n  Measurements
To c a lc u la te  the r e v e r s ib le  h e a t ,  m a g n e t iz a t io n  measurements 
have been made a t  l f .2 °K  and 2 .1 °K  by the  s ta n d a rd  h e a t  pu lse  
te ch n iq u e  in  f i e l d s  t ra n s v e rs e  to  th e  a x is  o f  th e  c y l i n d r i c a l  
sample and the r e s u l t s  a re  shown in  f i g .  1*+. A d e t a i l e d  d e s c r ip t io n  
o f  the e x p e r im e n ta l  p roced u re  i s  g iv e n  i n  Appendix  I I .  The 
r e s u l t s  show th a t  the m a g ne tic  moment in c re a s e s  l i n e a r l y  w i t h  the 
a p p l ie d  f i e l d  in  th e  pure  s u p e rc o n d u c t in g  s t a t e ,  reaches a 
maximum a t  then  s t a r t s  d e c re a s in g  in  a c o n t in u o u s  manner in
the mixed s t a t e  and goes to  z e ro  a t  th e  upper c r i t i c a l  f i e l d  H ^ .
A com p le ted  M e issne r e f f e c t ,  e x c lu s io n  o f  f l u x  from  the body o f  the 
specimen, was in  e v id e n ce  below Hc j ,  a l th o u g h  th e  s l i g h t  non-
l i n e a r i t y  o f  the  cu rves  c o u ld  be due t o  end e f f e c t s  as the 
















41o f  the  cu rves  has a ls o  been observed  by FSS and French on pure
g ^  Qp
samples and by G o r te r  e_t a_l. and M e y e rh o f f  and B e a l l  on impure
samples and i s  p ro b a b ly  cuased by enhanced lo c a l  f l u x  g ra d ie n ts
a t  s u r fa c e  im p e r fe c t io n s .  Im m e d ia te ly  f o l lo w in g  H ^ j the
m a g n e t iz a t io n  cu rve  does n o t  undergo a sharp  f a l l  o f  the  type
4 l 1+2 85observed  in  v e ry  pure samples. * ' I t  is  p o s s ib le  t h a t  in  the
less  pure  and un -annea led  sample, the  f l u x  l in e s  w h ich  p e n e t ra te
a t  a re  p inned  down a t  the  im p u r i t y  and d i s l o c a t i o n  s i t e s ,
thus  c r e a t in g  a s h ie ld in g  c u r r e n t  and s lo w in g  down the f u r t h e r
p e n e t ra t io n  o f  m a g n e t ic  f i e l d .
F ig u re  14 a ls o  shows the  m a g n e t ic  moment measured in  the
d e c re a s in g  f i e l d .  There  i s  v e ry  l i t t l e  h y s te r e s is  near bu t
c o n s id e ra b le  h y s te r e s is  i s  found a t  lower f i e l d s  and i t  i s  maximum
a t  H , .  As we have seen t h i s  i s  r e la t e d  t o  the  l o c a l i z a t i o n  o f  c l
h ea t in  the  m ixed s t a t e .  U n l ik e  F re n c h 's  and FSS's r e s u l t s ,  a
remanent moment i s  observed  when the  f i e l d  i s  decreased to  z e ro .
T h is  i r r e v e r s i b i l i t y  seems to  in c re a s e  w i t h  d e c re a s in g  te m pe ra tu re
as i s  ev idenced  by the  omount o f  remanent moment a t  z e ro  f i e l d
w h ich  shows th a t  M -  156 and 22G a t  T -  4 .2 °K  and 2 .1 °K ,
r e s p e c t i v e l y .  T h is  c o u ld  be due to  the  i n t e r a c t i o n  between f l u x
f i la m e n ts  and th e  s u r fa c e  w h ich  p re c lu d e s  com p le te  r e v e r s i b i l i t y
86as proposed by L iv in g s to n  and Beans. On the o th e r  hand t h i s
84c o u ld  be the  e f f e c t  o f  c o ld  w ork  as observed  by G o r te r  and by
85M e y e rh o f f  and B e a l l .  The i r r e v e r s i b i l i t y  due t o  c o ld  w ork  has
87a ls o  been suggested  by L o w e l l .  As shown in  re fe re n c e  85 c o ld  
w o rk in g  in c re a s e s  the  number o f  d i s l o c a t i o n s  in  a m e ta l and as a
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consequence th e re  i s  an in c re a s e  o f  th e  i r r e v e r s i b i l i t y  due to  the 
in c re a s e  in  th e  number o f  f l u x  p in n in g  s i t e s  p ro v id e d  by the 
d i s l o c a t i o n s .
88Love e_t a_l, have found f o r  t h e i r  ind ium  and th a l iu m  a l lo y s  
t h a t  by j a r r i n g  the  samples b e fo re  each measurement, th e  m a g n e t iza ­
t i o n  above Hc j  f o r  in c re a s in g  and d e c re a s in g  f i e l d s  c o u ld  be made
to  n e a r ly  c o in c id e .  S im i la r  r e s u l t s  have been found by
89 84Radebaugh and Keesom on vanadium and by G o r te r  on n io b iu m .
For H > Hc j ,  the m a g n e t iz a t io n  in  in c re a s in g  f i e l d s  i s  lowered
a f t e r  j a r r i n g  whereas in  d e c re a s in g  f i e l d  i t  i s  in c re a s e d .  T h is
i s  because the  energy  produced by j a r r i n g  the  sample unp ins  the
f l u x  l in e s  so t h a t  an e q u i l i b r i u m  s i t u a t i o n  may be b ro u g h t
a bou t,  and a ls o  low ers  the  s u r fa c e  c u r r e n t  w h ich  can produce
i n t r i n s i c  h y s te r e s is  e f f e c t s .
The low er c r i t i c a l  f i e l d  Hc l  a t  4 .2 °K  and 2 .1 °K  i s  found to
be 498 ± 15 Oe and 722 ± 20 Oe r e s p e c t i v e l y .  T h is  i s  com parable
to  H . o f  516 ± 20 and 645 ± 20 Oe o b ta in e d  from  th e  m a g n e to c a lo r ic  c 1
measurements f o r  the  same te m p e ra tu re s .  In the same manner, the  
upper c r i t i c a l  f i e l d  H ^  o f  3646 ±  25 Oe and 4850 ± 25 Oe 
a t  4 .2 °K  and 2 . 1°K agree w i t h i n  2% w i t h  the r e s u l t s  o b ta in e d  from  
th e  m a g n e to c a lo r ic  measurements. T h is  proves t h a t  th e  c r i t i c a l  
f i e l d s  o f  typ e  I t  s u p e rco n d u c to rs  can be measured r e l i a b l y  by 
m a g n e to c a lo r ic  measurements.
C. A n a ly s is
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1. The Thermodynamic F u n c t io n s « I t  has been shown by Goedemoed
90
e t  a l . t h a t  f o r  the  f i r s t  q u a d ra n t o f  the  lo o p ,  th e  f i r s t  law 
o f  thermodynamics g iv e s
-jMdH - T A S - A Q + A F  (11)
where a l l  the  q u a n t i t i e s  a re  taken pe r u n i t  vo lum e. The f i r s t  term
on th e  r i g h t  hand s id e  o f  the  e q u a t io n  re p re s e n ts  the  r e v e r s ib le
h e a t re q u i re d  in  the  m a g n e t iz a t io n  p rocess  ( th e  m a g n e to c a lo r ic
e f f e c t ) ,  A Q  is  the t o t a l  he a t e v o lv e d ,  the  te rm  A  F is  the
d i f f e r e n c e  in  the rm a l f r e e  energy  between the  normal and the
s u p e rc o n d u c t in g  s ta te s  and i s  r e la te d  to  the thermodynamic c r i t i c a l
2
f i e l d  H by A  F -  H / 8 it. I f  the  e l e c t r o n i c  s p e c i f i c  hea t o f  the  c c
norm al and s u p e rc o n d u c t in g  phases a re  assumed to  be r e s p e c t iv e ly  
p r o p o r t io n a l  to  T and we have
t 2
T A  S -  U A  F — — =■ (12)
1 -  t
wi th  t  -  T /T  .c
G ra p h ic a l  e v a lu a t io n s  o f  -JhdH and J*Qdt have been made w hich 
a re  used t o  c a lc u la te  the  r e v e r s ib le  h e a t T A  S, the  f r e e  energy 
A  F and the  thermodynamic c r i t i c a l  f i e l d  H . The r e s u l t s  are  shown 
in  Tab le  111 f o r  l f .2 °K  and 2 .1 °K  a long  w i t h  t h a t  o f  Goedemoed e t  a l .~ ^
f o r  4 .2 °K  f o r  com p a r iso n . The va lu e  o f  A  F, H and T A S  agreec
w i t h  the  r e s u l t s  o f  re fe re n c e  90 w i t h i n  1.5%. Bu t, f o r  l* .2°K  f o r  
in s ta n c e ,  Hc -  13**3G, i s  found  w h ich  i s  10% low er than  th a t  o f  
F re n c h 's  p u re r  n io b iu m . An e x p la n a t io n  f o r  t h i s  d is c re p a n c y  may
TABLE I I I 
Thermodynamic Q u a n t i t ie s
Temperature T A  S £  F c
(10** e rg |cm ^ )  (10** e rg (cm ^) (O e rs te d )
4 .2 °K  0 .7 5  0.71 1343
2 . 1°K 0 .1 8  0 .8 0  1419
4 , 2°K 0 .8 0  0 .7 0  1325
o f  re fe re n c e  90
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be due to  the l im i t e d  he a t c o n ta c t  o f  the sample w i th  the ba th :
i f  the  sample were th e r m a l ly  i s o la t e d  a la rg e r  tem p e ra tu re  decrease
in  the mixed s ta te  w ou ld  have been observed  and a la rg e r  va lu e  o f
would be c a lc u la t e d .  Assuming the  m a g n e t iz a t io n  cu rve  to  be
c o r r e c t  and assuming f o r  Hc a va lu e  in  l i n e  w i t h  the  va lues  re p o r te d
from  is o th e rm a l  m a g n e t iz a t io n  measurements (H = 1510 a t  *+.2°K)c
5 3the  expected  he a t developm ent A  Q is  found to  be 1.27 x 10 e rgs /cm  ,
w h ich  i s  abou t 27% h ig h e r  than the measured v a lu e .  T h is  g iv e s  a
rough e s t im a te  o f  the s y s te m a t ic  e r r o r  made in  measured Q when
the sample i s  in  l im i t e d  th e rm a l c o n ta c t  w i t h  the  b a th .
The v a r i a t i o n  in  the m a g ne t ic  e n th a lp y  dE = dQ -  MdH, where dQ
is  the  he a t s u p p l ie d  to  the  sample, has been c a lc u la t e d .  The
e x p e r im e n ta l l y  de te rm in ed  va lu e s  o f  -jMdH, JdQ and A E  are shown
in  f i g u r e  15 v s .  the  a p p l ie d  m a gne tic  f i e l d  s t r e n g th .  I t  i s  found
t h a t ,  both f o r  1+.2°K and 2 .1 °K , A  E in  the  mixed s ta te  i s  a lways
s m a l le r  than A  E^ (no rm a l s ta te )  f o r  a l l  va lu e s  o f  the  f i e l d .
27Under t h i s  c o n d i t i o n ,  a c c o rd in g  to  G o r te r  no f l u x  jump shou ld
o ccu r and th e  absence o f  f l u x  jum p in  the p re s e n t  work c o n f i rm s
G o r t e r 's  c r i t e r i o n .  G o r t e r 's  argument a ls o  im p l ie s  th a t  no f l u x
jump shou ld  o c c u r  whenever th e re  i s  a decrease in  te m p e ra tu re  in
th e  mixed s t a t e ,  w h ich  a ls o  agrees w i t h  the p re s e n t  o b s e rv a t io n s .
21I t  a ls o  agrees w i t h  Goedemoed ejt a_l_. w ork  where f l u x  jumps are  
found o n ly  when A  E >  A  En> and no f l u x  jumps o c c u r  whenever th e re  
i s  a c o o l in g  in  the mixed s t a t e .
In  a f i r s t  a p p ro x im a t io n ,  f o r  a l l  te m p e ra tu re s  (T > *+.2°K) 
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( i . e . ,  i r r e v e r s i b l e  h e a t in g  i s  n e g l i g i b l e )  i t  i s  assumed th a t
dS -  dQ /T . Under t h i s  assum ption  the  d i f f e r e n c e  in  e n t ro p y
dS ■ $s -  between the  s u p e rc o n d u c t in g  and norm a l s ta te s  has
been c a lc u la t e d  and i s  shown in  f i g u r e  16. From therm odynam ic  
78
t re a tm e n t  i t  can be shown th a t  dS ■ 0 a t  T « 0 and T -  T ,c
and w i l l  be maximum a t  T *  For th e  p re s e n t  case where
Tc ■ 9 . 2°K , t h i s  maximum s h o u ld  o c c u r  a t  5 *31°K w h ich  i s  i n
e x c e l l e n t  agreem ent w i t h  the  e x p e r im e n ta l  r e s u l t s .  No measurement
o f  t h i s  n a tu r e  has been r e p o r te d  b e fo r e .  The b e h a v io r  o f  dS/T
i n  th e  m ixed  s ta te  has a ls o  been c a lc u la t e d  and i s  shown in  f i g u r e
17 f o r  d i f f e r e n t  te m p e ra tu re s .  The v a lu e s  o f  $ /T  (H « H _) haven cz
been n o rm a l iz e d  t o  the  v a lu e  o b ta in e d  a t  h ,2 ° K .  The r e s u l t s  c o n f i r m
A b r ik o s o v 's  p r e d i c t i o n  t h a t  the  e n t r o p y  changes c o n t in u o u s ly  in
th e  m ixed s t a t e ,  s t a r t i n g  f ro m  the lo w e r  c r i t i c a l  f i e l d  Hc  ^ and
t e r m in a t in g  a t  No c o o l i n g  i s  o b se rve d  a t  w h ich  c o n f i rm s
t h a t  th e  t r a n s i t i o n  fro m  m ixed  s t a t e  t o  th e  no rm a l s t a t e  i s  o f
second o r d e r ,  w h ich  i s  d i f f e r e n t  fro m  typ e  I s u p e rc o n d u c to rs ,  where
th e  t r a n s i t i o n  to  the  norm a l s t a t e  in  th e  p resence  o f  m a g n e t ic
f i e l d  i s  o f  f i r s t  o r d e r .  From the  e n t r o p y  c a l c u l a t i o n ,  the  e le c t r o n
s p e c i f i c  h e a t  c o n s ta n t  (S o m m e rfe ld 's  c o n s ta n t )  y  Is  c a lc u la t e d  and
-2  -3
i s  found  to  be 0 .5 0  mJ deg c m .  T h is  i s  a b ou t 27% s m a l le r  than  
th e  v a lu e  o b ta in e d  fro m  s p e c i f i c  h e a t  s tu d ie s  by L e u p o ld  and Boorse?** 
T h is  d is c re p a n c y  i s  a g a in  th o u g h t  to  be due t o  th e  th e rm a l h e a t  le a k  
between th e  sample and th e  b a th  w h ich  has been d is c u s s e d  e a r l i e r .



































2* The Upper C r i t i c a l  F i e l d s . A d e t a i l e d  s tu d y  o f  the upper c r i t i c a l  
f i e l d  Hc2 » the  c o r re s p o n d in g  param eter h = -^Hc 2^ _dHc2 ^ t ^ d t  ^t « l ' 
and th e  G inzburg -Landau -M ak i param eter x ^ ( t )  has a lre a d y  been made 
in  C hapte r I I  B2 from  th e rm a l c o n d u c t i v i t y  measurements. In  t h i s  
s e c t io n ,  these param eters  have been c a lc u la te d  from  the m a g n e to c a lo r ic  
measurements and have been compared w i t h  d i f f e r e n t  th e o r ie s  and 
e x p e r im e n ta l  r e s u l t s ,  p a r t i c u l a r l y  w i th  the  r e s u l t s  o f  re fe re n c e  2 0 .
V*
To f i n d  h , the  s lo p e  C ' d H ^ ( 0 i ^ as 6een c a lc u la te d  and
is  found to  be 6420 Oe. T h is  i s  c o n s id e ra b ly  h ig h e r  than the
20va lu e  4905 Oe found by O htsuka and Takano. T h is  i s  n o t  s u r p r i s in g  
91as i t  i s  known th a t  the r a te  o f  change o f  w i t h  te m pe ra tu re
depends on the  r e s i s t i v i t y  r a t i o  r .  d H ^ / d t  in c re a s e s  w i t h
20d e c re a s in g  V and as O htsuka  and Takano have a p u re r  sample ( f  =“ 800) ,  
dHc2 ( t )they  f i n d  — — ----------  ^ » 4905 0 e , which i s  s m a ll  as compared to  the
Vc
p re s e n t  r e s u l t  on a sample o f  r  ** 51* The v a r i a t i o n  o f  h w i t h  t  has 
been ta b u la te d  in  ta b le  IV and a ls o  shown in  f i g .  18 a lon g  w i t h  H e lfa n d
g
and W erth am e r 's  t h e o r e t i c a l  r e s u l t s  f o r  pure and d i r t y  su p e rc o n d u c to rs  
and the  r e s u l t s  o f  re fe re n c e  2 0 . I t  is  found t h a t  between t= * l ,0 and 
t= 0 .5  th e  p re s e n t  r e s u l t s  agree q u i t e  w e l l  w i t h  H e lfa n d  and W erth a ­
m e r 's  th e o ry  and a ls o  w i t h  Ohtsuka and Takano 's  e x p e r im e n ta l  
r e s u l t s .  Below t  ■ 0 .5  i t  i s  found th a t  h^ in c re a s e s  w i t h
d e c re a s in g  te m p e ra tu re  f a s t e r  than the  th e o ry  p r e d ic t s  bu t s low er 
than  th e  r e s u l t s  o f  O h tsuka  and Takano. The b e h a v io r  o f  h a t  
t  ■ C i s  d is c u s s e d  in  some d e t a i l  in  the  n e x t  p a ra g ra p h .
iflf 2 0The e x p re s s io n  f o r  h a t  t  > 0 can be o b ta in e d  fro m  H e lfa n d  and 
W ertham er's  th e o ry  as f o l l o w s :
TABLE IV
Temperature dependence o f  the c r i t i c a l  f i e ld s  
h , X j ( t ) / X ] 0 )  and H j /H ^  from M agne toca lo r ic  Measurements.
X j ( t )
T°K t H ,0e cl H _0e c2
*
h H Oe 
c
H /H 
c l  c X1 Xj ( 1)
8.25 u .896 118.8 ±15 670 ±20 0.104 382.5 .2922 1 .2 4 1.092
7.5 0.816 204.7 ±15 1204.0±20 0.187 648.1 .3158 1.313 1.156
6 .5 0.706 314.75±I5 1892 ±20 0.294 972.3 .3237 1.375 1 .211
6.37 0.692 - 1926.5 ±20 0.30 1010.0 - 1.348 1.188
5.93 0 . 6AA 378.40±I5 2356.4±20 0.367 1135.2 0.3332 1.467 1.292
5.80 0.630 387.0 ±15 2390.8±20 0.372 1170.0 0.3307 1. *+46 1.272
5.** 0.586 416.24±I5 2700.4±20 0.420 1273.7 0.3267 1.499 1.320
5.37 0.583 - 2683.2±20 0.417 1279.0 - 1.483 1.307
5.23 0.568 433.44±I5 2906. 8±20 0.452 1314.0 0.3298 1.564 1.378
A. 74 0.515 467.84±I5 3182.0±20 0.495 1425.4 0.3282 1.578 1.390
A .2 0.456 516.0 ±15 3577.6±20 0.557 1536.5 0.3358 1 .646 1.450
3.85 0.418 545.2*t±l5 3749.6±20 0.584 1600.9 0.3405 1.656 1.459
3.15 0.342 589.96±15 40592±20 0.633 1713.1 0.3443 1.675 1.476
Table
A
2 . 1 2
1.30





0.228 645.0 ±15 4558 ±20




H Oe H /H x. x, ( 0
C___________c l  c________1__________ 1
1839.0 0.3507 1.752 1.544
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Ta k in g  6 ■ / 2  (0) as in  BCS a p p ro x im a t io n ,  we have
* 2
h * < 0 )  -  * f r  c « ( ° ) ^ T ^ 2  - t l i + )
where y  i s  the E u le r 's  c o n s ta n t ,  e the e x p o n e n t ia l  ( th e  a s t e r i k
has been a t ta c h e d  to  d i s t i n g u is h  i t  from  e le c t r o n  cha rge ) i s  the
ze ro  f i e l d  energy gap a t  0 °K . 0 i s  a c o n s ta n t  g iv e n  in  the BCS
2
a p p ro x im a t io n  as D___ *  /7 £ (3 )  ■ 9*381+, C (3) be ing  Riemann's
dC5
z e ta  f u n c t i o n .  Using D__c °  9.381+ f o r  D a n d ,e (0 ) /K T  -  1.76 as
DCS C
p re d ic te d  by BCS th e o ry ,  H e lfa n d  and Werthamer have c a lc u la te d  
#  ,
h (0) *  0.72*+ f o r  the  pure l i m i t .  T h is  i s  s m a ll  compared to  the 
p re s e n t  r e s u l t  o f  0 . 8 .  T h is  d is c re p a n c y  between observed and
ft
t h e o r e t i c a l  va lu e s  o f  h ( 0 ) c o u ld  even be la r g e r  because e x p e r im e n ta l l y
20D and e (0 ) /K T c have a lways been re p o r te d  to  be g r e a te r  than 9*381+
and 1,76 r e s p e c t i v e l y .  For an example, a r b i t r a r i l y  choosing
20t ( 0 ) / K T c -  1.85 and D ■ 12.3 Ohtsuka and Takano have c a lc u la te d
' f t
h (0 )  -  0 .61  from  H e lfa n d  and W ertham er's  th e o ry .  From the rm a l 
c o n d u c t i v i t y  measurements i t  i s  found in  C hap te r I I  B2 th a t
ft ft
h (0 ) = O.6 9 . T h is  s m a ll  v a lu e  o f  h ( 0 ) as compared to  0 .72  from  
the th e o ry  c o u ld  be due to  the h ig h  va lue  o f  D and e ( 0) /K T c as 
e x p la in e d  above.
The d is c re p a n c y  between e xp e r im e n t and th e o ry  has been c o n je c tu re d
g
to  be due to  s t ro n g  e lec tron**phonon c o u p l in g  o r  a n is o t ro p y  e f f e c t s .
The s t ro n g  c o u p l in g  e f f e c t  can be ru le d  o u t ,  as vanadium which 
f o l l o w s ^ 2 weak c o u p l in g  p r e d i c t i o n  o f  BCS has a ls o  been found®^ to
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e x h i b i t  t h i s  d is c re p a n c y  in  h ’ ( 0 ) .  Hohenberg and W erthamer have
shown t h a t  th e  a n is o t r o p y  o f  H „  leads t o  a c o r r e c t i o n  w h ich  s h o u ldcZ
enhance h ( 0 ) .  The a n is o t r o p y  in  H ^ f o r  Nb has been o b se rve d  b u t
the  enhancement f a c t o r  in v o lv e s  unknown q u a n t i t i e s  r e la t e d  to  the  Ferm i
s u r fa c e  and i t  i s  n o t  known to  w hat e x te n t  i t  may acco u n t f o r  t h i s
20d is c r e p a n c y .  O h tsuka  and Takano have sugges ted  t h a t  a m a jo r  p a r t  
o f  the  d is c re p a n c y  may be acco u n ted  f o r  i f  one takes  / 2 X ^ ( 0 } / 6  -  
/b /D _ _ _  in  e q u a t io n  (13) in s te a d  o f  1 as in  BCS a p p r o x im a t io n .DUS
Assuming a p a r a b o l i c  te m p e ra tu re  dependence o f  the  th e rm o -
Uldynam ic c r i t i c a l  f i e l d ,  Hc ( t )  has been c a l c u la t e d  by ta k in g  
H (0 )  -  19*+0 0 e .  T h is  has been used t o  c a l c u l a t e  the  pa ra m e te rt
X j  ( t )  . The e x t r a p o la t e d  v a lu e  o f  x ^ t )  a t  t  -  1 i s  fo un d  x ^ O )  ■
1.11+5 ± .0 1 5 .  T h is  g iv e s  the  v a lu e  o f  x  ■ *991 and x „  “  0 .1 5 3 ,O x
3 1as c a lc u la t e d  fro m  Goodman's r e l a t i o n  x ( l )  ■ ^  + 7*53 x  10 p  y  , 
where th e  i n d i v i d u a l  te rm s a re  e x p la in e d  in  C h a p te r  I I .  T h is  
v a lu e  o f  xQ i s  h ig h  as compared to  0 .8 7  by Rosenblum et. a l  
0 .8 1  by French,**^  O.78  by F S S ^  and 0 .9 2  by I k u s h im a ^  and may be 
due t o  th e  e r r o r  i n  th e  r e s ’' s t i v i t y  measurem ent.
The r a t i o  X j ( t ) / x ^ ( U  has beer p lo t t e d  in  f i g .  19 a lo n g  
w i t h  th e  t h e o r e t i c a l  r e s u l r s  o f  French and a ls o  t . - 3 u la te d  in  
ta b le  IV .  A g a in  as o b se rve u  e a r l i e r  X j ( t ) / X j ( l )  in c re a s e s  
a t  a f a s t e r  r a te  than  the  th e o r y  p r e d i c t s .  The e x t r a p o la t e d  
v a lu e  o f  X j { 0 ) / x j ( l )  i s  fou - J to  be 1 .5 8 , w h ic h  i s  2k% 
h ig h e r  than  p r e d ic te d  f ro m  th e  th e o r y .  T h is  c o n f i rm s  th e  
e a r l i e r  rem arks t h a t  x ^ ( 0 ) / x ^ ( l )  fo u nd  f o r  n io b iu m  c o v e r  a range 
















are  la rg e r  than  exp ec ted  from  the th e o ry .  T h is  b e h a v io r  i s  n o t 
r e la t e d  to  the  s t ro n g  c o u p l in g  e f f e c t  and may be r e la t e d  to  the 
a n i s i t r o p y  e f f e c t  in  c a lc u la te d  by Hohenberg and W e r th a m e r .^
3 . The Lower C r i  t i c a l  F ie ld  . A c a l c u l a t i o n  by Neumann and 
9*4Tew ord t shows t h a t  to  f i r s t  o rd e r  in  t ,  f o r  a n io b iu m  sample o f  
X *  1 .145 and a  « 0 .0 6 7 ,  where a  depends on the  e le c t r o n i c  mean 
f r e e  p a th  o f  th e  sample
Hc l /H c -  0 .6 9  [1  + 0 .5 5 (1  -  t ) ]  . (15)
T h is  shows th a t  h c ^/Hc sho u ld  in c re a s e  l i n e a r l y  w i t h  d e c re a s in g
te m p e ra tu re .  As shown in  f i g .  20 H , /H does seem to  in c re a s ec 1 c
l i n e a r l y  w i t h  d e c re a s in g  te m p e ra tu re  bu t d is a g re e s  in  m agnitude
w i t h  the  th e o ry  be ing  s m a l le r  by a f a c t o r  o f  2 . A l i n e a r  f i t ,
shows th a t  *  0 .3045  [ l  + 0 .1 8 (1  ~ t ) ] .  A lth o u g h  French and
FSS f i n d  Hc j /K c to  in c re a s e  w i t h  in c r e a s in y  te m p e ra tu re ,  the  m agnitude
o f  t h e i r  r e s u l t  i s  w i t h i n  10% to  the  th e o r y .  These c o n f l i c t i n g
e x p e r im e n ta l  r e s u l t s  fro m  m a g n e t iz a t io n  on one hand and from the
m a g n e to c a lo r ic  e f f e c t  on the  o th e r  hand do n o t  a l lo w  a c le a r
c o n c lu s io n  to  be re a ch e d . One n o te s  t h a t  s u r fa c e  c o n d i t io n s  can










FLUX FLOW RESISTANCE AND HEAT DISSIPATION
A *  Flux Flow Resistance and Associated Heating
As expla ined e a r l i e r  in Chapter I ,  the concept o f  f lu x  f low
2 9has grown out mainly through the work o f  Kim et_ a_K A b r i e f
2 9account o f  the e m p ir ic a l  theory o f  Kim et_ aj_. is given here to 
understand the f lu x  f low mechanism and i t s  im p l ic a t io n s  on the 
present experiment.  Choosing a frame o f  re fe rence ,  where the appl ied  
f i e l d  is  in the z - d i r e c t i o n ,  and the array  o f  f l u x  v o r t ic e s  in  the 
x -y  plane, the presence of  t ransport  current  J in  the x - d i r e c t i o n  
generates a g ra d ie n t  in the f lu x  l in e  dens ity  n, so th a t  from 
H ax w el l 's  equat ion ,  one gets
and the Lorentz force is  given by
/B 2! BJ r* V  , 1 7 ,W W  c--------- r  • ( ‘ 7)
D is t r i b u t i n g  the macroscopic magnetic pressure e q u a l ly  to each 
f l u x  l i n e ,  the Lorentz force on each f lu x  l in e  is  given by
J<P0
f l - - ^  0 8 )
When the Lorentz force  F^ exceeds the pinning force  Fp , a 
viscous motion o f  the f l u x  l ines  sets  in  which is  c h a ra c te r ize d  by 
by the r e l a t i o n
71
FL '  Fp ■ ”  VL
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(19)
where v^ i s  th e  l i n e  v e l o c i t y  and tj(H ,T )  the  v i s c o s i t y  c o e f f i c i e n t  
o f  the  medium. Due to  t h i s  m o t io n  o f  the  f l u x  l i n e s  an e l e c t r i c  
f i e l d  i s  c re a te d  i n  th e  d i r e c t i o n  o f  J ,  g iv e n  by the r e l a t i o n
Eo -  n ( v L/ c )  ~ ~  ( 20)
Here Eq i s  r e q u i r e d  to  be p r o p o r t i o n a l  to  v ^ .  The e f f e c t  o f  p in n in g  
can be e l im in a t e d  f ro m  th e  p rob le m  by ta k in g  th e  d e r i v a t i e s  o f  
( 19) and ( 20 ) ,  i . e .
dv. dv, . L c L 1
L
and
dFi d j  ij
(21)
f a .  b
d v^  c
Com bin ing  th ese  two e x p re s s io n s ,  one g e ts
(22)
dE«
d T  “ “ T  “ Pf <2»
v °
where p^ i s  d e f in e d  as th e  " f l u x  f l o w "  r e s i s t i v i t y .  E q u a t io n  ( 23) 
shows th a t  a t  a f i x e d  v a lu e  o f  th e  f i e l d  B, th e  f l u x  f l o w  
r e s i s t i v i t y  i s  ind e p e n d e n t o f  th e  p in n in g  f o r c e  o r  c r i t i c a l  c u r r e n t  
f o r  >  Ep* im p l ie s  t h a t  f o r  >  Fp , th e  V -  I c h a r a c t e r i s t i c s
s h o u ld  be l i n e a r  f o r  any f i x e d  v a lu e  o f  the  i n t e r n a l  f i e l d  B.
The f lo w  r e s is t a n c e  and th e  a s s o c ia te d  h e a t  d i s s i p a t i o n  have
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been measured in  the mixed s ta te  o f  su p e rc o n d u c t in g  n iob ium  and 
vanadium p la t e s ,  fo r  d i f f e r e n t  c u r r e n ts  and te m p e ra tu re s ,  by con­
v e n t io n a l  d . c .  m ethods. The s e n s i t i v i t i e s  o f  the  v o l ta g e  and 
tem p e ra tu res  measurements were 1 x 10 ^ v and 1 x 10 * * °K  
r e s p e c t i v e l y .  The te m p e ra tu re  range covered  l i e s  between t  -  0 ,5
and t  ■ 1 and the  t r a n s p o r t  c u r r e n t  d e n s i t i e s  were r e l a t i v e l y
2 2 s m a l l ,  0 .3 5  to  21 A/cm f o r  n io b iu m  and 1.5 to  18 .U A/cm f o r
vanadi um.
Figure 21 shows the f l u x  f low voltage V observed versus the 
t ranspor t  c urren t  I ,  w i th  magnetic f i e l d  d i r e c t io n  p a r a l l e l  to the 
large face o f  the p la te  In f i g .  21a and perpendicular  to i t  in  21b,
One should note th a t  the c u r ren t  d e n s i t ie s  used in these measurements 
are very much smal ler  than in most measurements o f  th is  k ind .  This  
is  because fo r  high c urren t  d e n s i t i e s ,  a l in e a r  V-l  c h a r a c t e r i s t i c
29o f  th e  type  o f  e q u a t io n  (23) has a lre a d y  been observed  by Kim et^ _al. 
and so the purpose o f  the p re s e n t  w ork  was to  in v e s t ig a t e  the  
n o n - l i n e a r  re g io n  o f  th e  V ve rsus  I c h a r a c t e r i s t i c  w h ich  is  observed  
o n ly  a t  s m a ll  c u r r e n t  d e n s i t i e s .  The n o n - l i n e a r i t y  i s  v e ry  
n o t ic e a b le  in  f i g u r e  21, a t  a p p l ie d  f i e l d s  s m a ll  compared to  H ^ *
As th e  a p p l ie d  f i e l d  g e ts  c lo s e r  to  the c h a r a c t e r i s t i c  becomes
c lo s e r  to  a l i n e a r  b e h a v io r ,  b u t one can e xp ec t t h a t  pure  l i n e a r i t y  
appears o n ly  a t  f i e l d s  f o r  w h ich  th e  sample i s  in  the  normal s t a t e .
As a m a t te r  o f  f a c t ,  f o r  those  cases where the  va lu e  o f  H .  i scZ
ambiguous, t h i s  c r i t e r i o n  i s  o f  good use: a l l  f i e l d s  f o r  w h ich  V vs .  I
shows n o n - l i n e a r  b e h a v io r  a re  c e r t a i n l y  s m a l le r  than H .  o r  H ,
r c2 c3
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21b shows Hc 2 > 5850 Oe and f i g u r e  21a shows Hc ^ > 7250 Oe. T h is
w i l l  be c o n f i rm e d  l a t e r  by the h e a t in g  cu rves  shown i n  f i g u r e  27-
In f i g u r e  22 a l o g - l o g  p l o t  o f  the v o l t a g e  ve rsus  c u r r e n t
c h a r a c t e r i s t i c s  f o r  bo th  n iob ium  and vanadium samples i s  shown, f o r
d i f f e r e n t  v a lu e s  o f  the reduced f i e l d  h f - H / H ^ ) .  a t  T -
f o  n io b ium  and *t.3°K f o r  vanadium. I t  i s  found t h a t  f o r  both
samples V «  ( I  -  I ) n =- l n where 1 i s  the c r i t i c a l  c u r r e n t  whenc c
F^ « F p . The power n i s  a f u n c t i o n  o f  the  a p p l i e d  f i e l d .  As the
reduced f i e l d  h i s  i n c re a s e d ,  the power n decreases and a t  h « 1,
as e xp e c te d ,  i t  a t t a i n s  the va lu e  o f  1, i . e .  Ohm's law. The
lower p a r t  o f  f i g u r e  22 shows the l o g - l o g  p l o t  o f  the c o r re s p o n d in g
A T  v s .  I c h a r a c t e r i s t i c ,  where A  T i s  the i n c re a s e  i n  te m p e ra tu re
o f  th e  sample . A l th o u g h  l o g - l o g  p l o t s  are sometimes m is le a d in g ,
they  have been used he re  o n l y  to  i n v e s t i g a t e  the type  o f  r e l a t i o n s h i p
t h a t  e x i s t s  between the  power d i s s i p a t i o n  and the  f l u x  f l o w
r e s i s t a n c e .  The h e a t in g  A T  which i s  p r o p o r t i o n a l  t o  the  power
d i s s i p a t e d  i s  shown to  be a ls o  p r o p o r t i o n a l  to  a power o f  I :
A T «  v i  ■ 1° . I t  i s  found t h a t  the power n '  i n  the A T  -  I
c h a r a c t e r i s t i c  exceeds always by one the power n found  in  the  V -  I
c h a r a c t e r i s t i c s ,  the  compar ison  be ing  made f o r  the  same v a lu e  o f  the
reduced c r i t i c a l  f i e l d  h .  T h is  o b s e r v a t i o n  o f  n '  ■ n + 1 In  the
A T  -  I b e h a v io r  g iv e s  an independen t  c o n f i r m a t i o n  o f  the  n o n - l i n e a r
n a tu re  o f  the  phenomenon a t  low t r a n s p o r t  c u r r e n t  d e n s i t i e s  as
29 30 32observed  by many o t h e r  w o rke rs  and f o r  th e  f i r s t  t im e c o n f i rm s
the  e x i s t e n c e  o f  a r e l a t i o n  o f  the type  P ■ VI i n  the  f l u x  f l o w  s t a t e .  
T h i s  has a l s o  been c o n f i rm e d  in d e p e n d e n t l y  by a p l o t  o f  A  T vs VI i n  
f i g u r e  23, which shows a d i r e c t  p r o p o r t i o n a l i t y .  A c a r e f u l  check
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e l i m i n a t e d  the p o s s i b i l i t y  t h a t  the h e a t in g  observed  m igh t  be due 
to  a P e l t i e r  e f f e c t  as the carbon thermometer  sensed the tem pera tu re  
a t  the l e v e l  o f  one o f  the c u r r e n t  j u n c t i o n s  and A T  observed d id  
n o t  change s ig n  upon r e v e rs a l  o f  the t r a n s p o r t  c u r r e n t  d i r e c t i o n .
F i g .  2k shows the V -  1 c h a r a c t e r i s t i c s  f o r  n io b ium  a t  h ig h e r  
tem pera tu res  f o r  d i f f e r e n t  reduced f i e l d s  and here  aga in  the power 
law dependence f o r  the v o l t a g e  i s  found o ve r  q u i t e  a la rg e  range 
o f  c u r r e n t  va lues  v i z .  10 -  500 mA.
The f u n c t i o n a l  dependence o f  the power n i s  shown in  F i g .  25 
a g a in s t  the  reduced f i e l d  h f o r  two d i f f e r e n t  n io b iu m  tem pera tu res  
and a ls o  f o r  vanadium. I t  i s  found t h a t  n (h )  i s  a m onoton ic ,  w e l l  
behaved f u n c t i o n  which  decreases towards the  v a lu e  o f  1 c o r re s p o n d in g  
to  the  normal  s t a t e  Ohm's law as H approaches H ^ *  The 
observed  b e ha v io r  i s  no t  the consequence o f  sample h e a t in g  
because power law b e h a v io r  i n  the r e s i s t a n c e  measurements i s  observed 
both i n  i s o th e r m a l  and in  q u a s i - a d i a b a t i c  c o n d i t i o n s :  i f  n o n - l i n e a r
dependence o f  V vs I was due to  h e a t i n g ,  i t  shou ld  d is a p p e a r  when
the  measurements are made i n  i s o t h e r m a l  c o n d i t i o n s .
33 7C la d is  has argued t h a t  the r e l a t i o n  In  I «  v a c c u r a t e l y
d e s c r ib e d  f l u x  f l o w  beha v io r  i n  type  I I su p e rco n d u c to rs  i n  both  the 
" l i n e a r "  and " n o n - l i n e a r "  p o r t i o n s  o f  the I -  V c u rv e s ,  a l th o u g h  
th e re  i s  no p h y s i c a l  ground f o r  such a r e l a t i o n .  Any d e p a r tu re  
f rom  t h i s  In  I *  beha v io r  has been a t t r i b u t e d  by C la d is  t o  sample 
in h o m o g en e i ty .  The v a l i d i t y  o f  t h i s  r e l a t i o n s h i p  has been d is p u te d
by J o i n e r  who has examined h i s  own d a ta  on lea d -B ism u th  and le a d -
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l i t e r a t u r e  but which were not mentioned by C la d is .  Jo in e r
concludes th a t  C la d is  r e la t io n  does not adequate ly  describe  the
c u r r e n t -v o l ta g e  c h a r a c t e r is t ic s ,  but ra th e r  sometimes provides a
f o r tu i to u s  f i t  when data  are  o b ta in ed  over a l im i te d  range o f
c u r re n ts .  The n o n - l in e a r i t y  a t  s m a lle r  values o f  the c u r re n t  has
95been e x p la in e d  by Kim et_ e l .  in  terms o f  f lu x  creep mechanism
30and a lso  by F a r r e l l  et_ _al_. by p o s tu la t in g  a n o n - l in e a r  e f f e c t
o f  the L o ren tz  f o r c e .  The p resen t r e s u l ts  agree n e i th e r  w ith  C la d is *
r e la t io n  nor w ith  the f lu x  creep form ula  In V ■ + K^J (H + Bq ) ,
(where K j ,  and Bq a re  c o n s ta n ts ) .  The n o n - l in e a r  behavior in
28the moderate c u rre n t  range was c o n jec tu red  to  be due to a mechanism
in te rm e d ia te  between f lu x  creep and f lu x  f lo w .  Since the measurements
are  made a t  high t ,  i t  was suggested th a t  the v is c o s i ty  c o e f f i c ie n t  
7i might be c u r re n t  d e p e n d e n t^  a t h igh  t .  S ince th is  c o e f f i c ie n t  
can be expressed in  terms o f  the core rad ius  o f  the f l u x  l i n e s , ^  
th is  would suggest a dependence o f  the core rad ius  on the t ra n s p o r t  
c u r r e n t .
32R ecently  Jones e t  a l .  have shown on a Nb-Ta sample th a t  the
n o n - l in e a r i t y  in  the V -  I c h a r a c t e r is t ic s  j u s t  above the c r i t i c a l
c u r re n t  may a r is e  from the non u n ifo r m ity  o f  the sample: when the
im p u r i t ie s  and o th e r  s t r u c t u r a l  d e fe c ts  a re  d is t r ib u t e d  in  the 
sample non u n ifo rm ly ,  d i f f e r e n t  s e c t io n s  o f  the sample w i l l  have 
d i f f e r e n t  c r i t i c a l  c u rre n ts  and the V -  I c h a r a c te r is t ic s  fo r  d i f f e r e n t  
sectio n s  o f  the sample w i l l  be d i f f e r e n t ,  but each o f  them w i l l  be 
n e a r ly  l i n e a r .  When the V -  I c h a r a c t e r is t ic  is  observed over the  
whole sample, i t  a c t u a l ly  g ives  by a d d i t io n  the o v e r a l l  behavior
which appears as non l i n e a r  j u s t  above the c r i t i c a l  c u r r e n t .  Th is
97has been co n f i rm e d  l a t e r  by Chang and Rose- lnnes Ly the absence 
o f  n o n - l i n e a r i t y  in  the V -  I c h a r a c t e r i s t i c s  o f  a h i g h l y  homo­
geneous N b ^  -  sample.
98 99Cape and S i l v e r a  and F i o r y  and S e r in  have shown th a t  by
d e p in n in g  the f l u x o i d s  by su per im pos ing  a sm a l l  l o n g i t u d i n a l  o s c i l l a ­
t o r y  f i e l d ,  a l i n e a r  V -  I b e h a v io r  can be observed in  the f l u x  f l o w  
measurements a t  a l l  va lues  o f  the t r a n s p o r t  c u r r e n t .  A l l  these 
r e s u l t s  c o n f i r m  t h a t  the n o n - l i n e a r  b e h a v io r  i n  the V -  I c h a r a c t e r ­
i s t i c s  a t  sm a l l  va lues  o f  the  t r a n s p o r t  c u r r e n t  i s  due t o  the 
non u n i f o rm  d e n s i t y  o f  the f l u x o i d s  p inned  a long the sample and as a
consequence, i t  now appears t h a t  the mechanism proposed by Wasim 
28and Zebouni is n o t  r e q u i r e d  to  e x p l a i n  n o n - l i n e a r i t y .
B. Su r face  S u p e r c o n d u c t i v i t y
A f i e l d  o r i e n t a t i o n  s tu d y  o f  the s u r fa c e  s u p e r c o n d u c t i v i t y  above
Hc £ has been made by Tomasch and J o s e p h o n  w e l l  annealed Pb-T l
t h i c k  f i l m s  by to rque  measurements, by A u t l e r  e t  a l? ^  on Nb w i re s
36and by Hempstead and Kim on P b - ln  and Nb-Ta s h e e ts ,  by r e s i s t i v e
measurements. I t  i s  found ,  c o n f i r m i n g  the t h e o r y  o f  Sa in t -James 
35and deGennes, t h a t  when the  a p p l i e d  m agne t ic  f i e l d  i s  p a r a l l e l  to  
the  la rg e  faces  o f  f l a t  samples o r  to  the l e n g th  o f  the w i r e s ,  a 
su p e rco n d u c t in g  s u r fa c e  sheath e x i s t s  between Hc 2 < H < H -  I .69 
and when the f i e l d  i s  p e r p e n d ic u la r  t o  the face  o f  the sample, the  
s u p e r c o n d u c t i v i t y  d isa p p e a rs  a t  the  upper c r i t i c a l  f i e l d  H ^ *
There  are two p r o p e r t i e s  t h a t  make the d e t e r m in a t i o n  o f  the
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r a t i o  Hc j / H  ^ d i f f i c u l t .  F i r s t l y ,  Tomasch and J o s e p h * ^  have shown
t h a t  the r a t i o  Hg/Ht , (where Hg i s  the c r i t i c a l  f i e l d  a t  which the
sample becomes normal f o r  an ang le  0 between the sample face  and the
d i r e c t i o n  o f  the a p p l i e d  f i e l d ,  and i s  the c r i t i c a l  f i e l d  f o r
0 ■ 90° )  i s  v e ry  s e n s i t i v e  between 0 = 0°  t o  0 ■ 30° .  For example,
f o r  0 *  10°, 20° and 30° ,  i s  f o u n d ^ ^  to  be 1 .5 ,  1.31 andd t
1.2 r e s p e c t i v e l y .  T h is  shows t h a t  the r a t i o  I s q u i t e
s e n s i t i v e  t o  the o r i e n t a t i o n  o f  the  sample w i t h  re s p e c t  t o  the  f i e l d .
Second ly ,  when the  f i e l d  i s  p a r a l l e l  to  the la rg e  face  o f  the sample,
the r e s i s t i v e  t r a n s i t i o n  shows a sharp  d i s c o n t i n u i t y  a t  H ^
f o l l o w e d  by a more o r  less  g ra d u a l  r i s e  t o  the  normal r e s i s t a n c e  as
Hc j  i s  approached.
As the  t r a n s p o r t  c u r r e n t  i s  decreased ,  th e  sharpness o f  the
change i n  r e s i s t a n c e  a t  H ^ d im in is h e s  and the  r e t u r n  to  the  normal
r e s i s t i v i t y  takes  p lace  more g r a d u a l l y .  As a consequence, f o r  sm a l l
t r a n s p o r t  c u r r e n t s  the  v a lu e  o f  H and H and t h e i r  r a t i o  i s  n o tcz C3
w e l l  d e f i n e d .
In  the p re s e n t  measurements, F i g .  26 shows the  V vs .  H
c h a r a c t e r i s t i c s  f o r  th e  n io b ium  sample f o r  t h r e e  d i f f e r e n t  va lues  o f
the t r a n s p o r t  c u r r e n t  i n  both  p a r a l l e l  (6 ■ 0° )  and p e r p e n d ic u la r
(0 ■ 90°)  f i e l d .  Due to  the m is a l ig n m e n t  o f  the  sample w i t h  r e s p e c t
to  the  f i e l d  d i r e c t i o n ,  and because o f  the  s m a l l  c u r r e n t  d e n s i t y ,  the
two c r i t i c a l  f i e l d s  and are n o t  w e l l - d e f i n e d .  By examin ing
dVthe change o f  the  s lop e  one can o n l y  s p e c u la te  about the c r i t i c a l  
f i e l d s  to  be •  6536 ±  350 Oe and Hc ^ ■ 9632 ±  350 0a .  However, 

















f i e l d ,  s t r i k i n g  f e a tu r e s  appear in  the h e a t in g  versus magnet ic  f i e l d
cu rves  o f  f i g u r e  27 ( f o r  the geometry o f  H p a r a l l e l  to  the l a rg e  face
o f  the sa m p le ) .  There appears a t  a l l  va lu e s  o f  the t r a n s p o r t  c u r r e n t
a sharp  break  i n  the  s lo p e  o f  the cu rve  a t  two ve ry  w e l l - d e f i n e d
va lues  o f  H which  one can e a s i l y  i d e n t i f y  as the c r i t i c a l  f i e l d s
ar|d Thus one f i n d s  H ^  = &364 ^  Oe. = 9030 ± 172 Oe
and = 1-^2 ± .01+. T h is  i s  a remarkab le  p r o p e r t y  which can
be used to  measure H « and H , ,  s in c e  measurements o f  H ,  have beenc2 c3 c3
n o t a b l y  d i f f i c u l t  and the r e s u l t s  ambiguous. I t  i s  n o t  known what
mechanism leads to  t h i s  d i s c o n t i n u i t y ,  bu t  i t  c o u ld  be due to  the
change i n  the s p e c i f i c  h e a t  a t  and Hc j .  The d is c re p a n c y  between
the  above v a lu e  o f  the r a t i o  H , /H  - “  1.42 ± ,04 and thec i  c2
t h e o r e t i c a l  v a lu e  o f  1 .69  i s  due i n  o u r  o p in i o n  t o  sample m i s a l i g n ­
m e n t * ^  e f f e c t  and i s  n o t  fu n d a m e n ta l .
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The p re se n t  s tu d y  i n d i c a t e s  t h a t  the mixed p r o p e r t i e s  o f  the
the rm a l  c o n d u c t i v i t y  «m, i n  a n iob ium  sample o f  i n t e r m e d ia t e  p u r i t y
( jJ/^O3" O i  a re  s t i l l  i n  q u a l i t a t i v e  agreement w i t h  the d i r t y  l i m i t
12(£ /£ g  «  1) th e o ry  o f  C a r o l i  and C y ro t  inasmuch as in c re a se s  
l i n e a r l y  as H approaches ■ Th is  l i n e a r  b e h a v io r  ex tends  o ve r  an 
a p p r e c ia b le  range o f  mixed s t a t e .  The s lop e  dK^/SH v a r i e s  w i t h  
tem pera tu re  much f a s t e r  than p r e d i c t e d  by t h e o ry  and t h i s  b e h a v io r  
seems c h a r a c t e r i s t i c  o f  samples d e p a r t i n g  f rom  the extreme d i r t y  
1imi t .
The parameter  X j ( t )  -  Hc 2 ( t ) / / 2  H ^ t t )  i s  found,  i n  agreement 
w i t h  o t h e r  i n v e s t i g a t o r s ,  t o  in c re a s e  w i t h  d e c re a s in g  tem pera tu re  
much f a s t e r  than expec ted  f rom th e o r y .
The tem p e ra tu re  dependence o f  the  minimum in  the  mixed s t a t e  i s
th o u g h t  to  im p ly  -  i n  a d d i t i o n  t o  the monoton ic  decrease o f  K w i t hgm
i n c r e a s in g  magnet ic  f i e l d  -  a nonmonoton ic  v a r i a t i o n  o f  v i z .
a decrease o f  the e l e c t r o n i c  c o n d u c t i v i t y  upon e n t r y  in  the mixed 
s t a t e  f o l l o w e d  by an in c re a s e  as H approaches T h is  i s  s t r o n g l y
suppor ted  by the d a ta  o f  Muto ejt a_l. The s c a t t e r i n g  mechanism 
r e s p o n s ib le  f o r  t h i s  b e h a v io r  o f  though i t  can be c o n je c tu r e d
to  be s c a t t e r i n g  by f l u x  l i n e s ,  m e r i t s  f u r t h e r  i n v e s t i g a t i o n .
The i r r e v e r s i b l e  h e a t in g  and i t s  f i e l d  and te m pera tu re  dependence 
i n  the  m a g n e to c a lo r i c  measurements can be e x p la in e d  q u a l i t a t i v e l y  
in  terms o f  the p in n in g  f o r c e  per u n i t  volume a  by compar ing w i t h  the
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, 80t h e o r y  o f  M o r to n .  The m a g n e to c a lo r i c  e f f e c t  can be used to  c a l c u l a t e
the thermodynamic q u a n t i t i e s  in  the mixed s t a t e  and c o n f i rm s  G o r t e r ' s  
27
c r i t e r i o n  t h a t  no f l u x  jump sh o u ld  o c c u r  when the e n th a lp y  £ E  
in  the mixed s t a t e  i s  s m a l l e r  than i t s  c o r re s p o n d in g  v a lu e  i n  the 
normal s t a t e .
C o m p a r is o n  w i t h  m a g n e t i z a t i o n  m e a s u r e m e n ts  c o n f i r m s  t h a t  t h e
two c r i t i c a l  f i e l d s  H . and H „ can be measured a c c u r a t e l y  fromc l  c2 ’
m a g n e to c a lo r i c  measurements. The te m pera tu re  dependence o f  h and 
X | ( t ) / X j ( l )  a re  i n  agreement w i t h  o t h e r  i n v e s t i g a t o r s  and w i t h  the 
the rma l  c o n d u c t io n  measurements and are  found  to  in c re a s e  w i t h  
d e c re a s in g  te m p e ra tu re s  much f a s t e r  than  exp ec te d  from th e o r y .
T h is  d e v i a t i o n  from the t h e o r y  a l s o  depends on the i m p u r i t y  
c o n te n t  and the  s t r u c t u r a l  d e f e c t s  c o n te n t  o f  the sample.
The f l u x  f l o w  measurements and th e  c o r re s p o n d in g  power d i s s i p a ­
t i o n  c o n f i r m  the  non l i n e a r  n a tu r e  o f  the f l u x  f l o w  r e s i s t a n c e  f o r  
sm a l l  c u r r e n t  d e n s i t i e s  and the power d i s s i p a t i o n  i s  found to  be o f  
the fo rm  P -  Vi . Because o f  the no na l  i  gnmen t and the magnitude
o f  the  c u r r e n t  d e n s i t y ,  H „  and H _ can n o t  be found a c c u r a t e l y  butT c2 c3 1
the h e a t  d i s s i p a t i o n  measurements in  the p re s e n t  work  re v e a l  sharp  
d i s c o n t i n u i t y  wh ich  a l low s  a p r e c i s e  d e t e r m in a t i o n  o f  the r a t i o  
Hc j / H c 2 * The mechanism r e s p o n s i b le  f o r  t h i s  d i s c o n t i n u i t y  m e r i t s  
f u r t h e r  t h e o r e t i c a l  and e x p e r im e n t a l  i n v e s t i g a t i o n s .
APPENDIX I
EXPERIMENTAL DETAILS FOR MAGNETOCALORIC MEASUREMENTS
The sample, a m onoc rys ta l  rod ,  i n s id e  a vacuum c a l o r i m e t e r  was 
clamped in a b rass  sample h o ld e r  which i t s e l f  was screwed i n t o  a 
copper pos t  e x te n d in g  up i n t o  the  l i q u i d  h e l iu m  b a th .  The te m p e ra tu re  
o f  the  sample c o u ld  be r a i s e d  up to  10°K w i t h  the  b rass  sample h o ld e r  
a c t i n g  as a thermal  r e s i s t o r  between sample and heat  s i n k .  Two 
h e a te rs  o f  c o n s ta n ta n  w i r e  No. 40 were wound, one on the  sample 
c o v e r in g  most o f  the sample s u r fa c e  and the o t h e r  on the  sample 
h o ld e r .  The h e a te r  on the  sample h o ld e r  was used t o  r a i s e  the 
tem p e ra tu re  o f  the sample in  the  range 4 .2 °K  t o  10°K and a l s o  to  
d r i v e  the sample normal t h e r m a l l y  a f t e r  each f i e l d  c y c le  to  
e l i m i n a t e  the t ra p p ed  f l u x .  The sample h e a te r  was used to  e s t a b l i s h  
a thermal  g r a d i e n t  a lo n g  the system to  measure the thermal  c o n d u c t i v i t y  
o f  the  system. A 5041 , 1 /10 W A 1 le n - B r a d le y  carbon r e s i s t o r  was 
g lu e d  on the  sample and was used f o r  the te m p e ra tu re  measurement.
The thermometer  was c a l i b r a t e d  a g a in s t  the  vapor  p re s s u re  o f  l i q u i d  
h e l iu m  in the  te m p e ra tu re  range o f  1 . 3°K to  4 .2 °K  and a g a in s t  a 
c a l i b r a t e d  germanium thermometer  in  the  range 4 .2 °K  t o  9°K.
At each f i x e d  te m p e ra tu re  o f  the sample, th e  m agne t ic  f i e l d  
was swept a t  the  r a te  o f  5 .73  Oe per  second. The c o r re s p o n d in g  
change in  the te m p e ra tu re  o f  the sample was measured i n d i r e c t l y  
by measur ing  the change in  th e  r e s i s t a n c e  o f  the  carbon thermometer  
wh ich  f o r  a f i x e d  c u r r e n t  showed as a change in the e l e c t r i c a l  
v o l t a g e .  T h is  change in  v o l t a g e  was reco rded  on the Brown re c o rd e r  
and f rom  th e  s lop e  o f  th e  thermometer  the  c o r re s p o n d in g  change in
89-
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te m p e ra tu re  A T  was c a l c u l a t e d .  T h is  A T  was in e r r o r  due to  the
m a g nn e to re s is ta nce  o f  th e  thermometer .  T h e re fo re  the  magneto-
r e s i s t a n c e  o f  the carbon thermometer  was measured f o r  the  same
te m pera tu re  a t  d i f f e r e n t  va lues  o f  the  magne t ic  f i e l d  and
denending on i t s  s ig n  was added t o  o r  s u b t r a c te d  from the magneto-
c a l o r i c  s i g n a l  A T ,  To c o n v e r t  the change in  te m pera tu re  A  T to
the  c o r re s p o n d in g  power d i s s i p a t i o n  $ , the thermal  c o n d u c t i v i t y
o f  the system was measured. T h is  was ach ieved  by h e a t i n g  the
sample th ro u g h  the  sample h e a te r  so t h a t  the te m pera tu re  o f  the
^  ^KAXsystem was r a is e d  to  about A T '  such t h a t  A T '  ^—  •
Knowing th e  a p p l i e d  heat Q and the c o r re s p o n d in g  change in
te m p e ra tu re  A T '  the  r a t i o  r ■ Q / A T 1, a c h a r a c t e r i s t i c  o f  th eapp
system, was c a l c u l a t e d .  T h is  r a t i o  was used t o  compute the
a *
m a g n e to c a lo r i c  power d i s s i p a t i o n  Q by the  r e l a t i o n  Q -  r A T .
A P P E N D I X  I I
EXPERIMENTAL DETAILS FOR MAGNETIZATION MEASUREMENTS
The m a g n e t i z a t i o n  measurement was made by the  s ta n d a rd  heat  
p u l s e  b a l l i s t i c  method. A c o i l  o f  copper  w i r e  No. 45 w i t h  abou t  
500 t u r n s  was wound on the  n io b iu m  rod a lo n g  i t s  l e n g th  so t h a t  
when th e  sample was mounted, the  d i r e c t i o n  o f  th e  m a g ne t ic  f i e l d  
was a t  r i g h t  a n g le  t o  the  sample a x i s  and a lo n g  the  a x i s  o f  the  c o i l .  
The sample was clamped in a b ra ss  sample h o ld e r  which i t s e l f  was 
screwed i n t o  a copper  p o s t  e x te n d in g  up i n t o  th e  l i q u i d  h e l i u m  b a th .
A h e a te r  o f  c o n s ta n ta n  w i r e  No. 40 was wound on the  sample h o ld e r  to  
d r i v e  the  sample normal t h e r m a l l y  by r a i s i n g  i t s  t e m p e ra tu re  above 
the c r i t i c a l  te m p e ra tu re .  The sample was p la c e d  In a vacuum.
The c o i l  was c a l i b r a t e d  a t  l i q u i d  n i t r o g e n  te m p e ra tu re  by 
c o n n e c t in g  th e  c o i l  t o  a b a l l i s t i c  g a l v a n o m e t e r , At a f i x e d  v a lu e  
o f  the  m a g ne t ic  f i e l d ,  the  magnet was s u d d e n ly  t u r n e d  o f f .  The 
c o r  re s p o n d in g  d e f l e c t i o n  o f  the  b a l l i s t i c  g a lv a n o m e te r ,  w h ich  is  
p r o p o r t i o n a l  to  the  t o t a l  change in  m a g n e t ic  f l u x  th ro u g h  the  
p i c k u p  c o i l ,  was measured and f ro m  a s e r i e s  o f  such measurements a 
c a l i b r a t i o n  was o b t a in e d .
To measure th e  m a g n e t i z a t i o n  a t  any f i x e d  t e m p e r a t u r e ,  the 
m a g n e t ic  f i e l d  was se t  a t  a c e r t a i n  v a l u e ,  and then  t h e  sample was 
d r i v e n  normal t h e r m a l l y  by a heat  pu se. The c o r r e s p o n d in g  
d e f l e c t i o n  o f  th e  b a l l i s t i c  g a lva n o m e te r  was n o te d .  S ince  
8 ■ H + 4ffM, where B i s  the  f i e l d  i n s i d e  th e  samp le ,  H is  the  
a p p l i e d  f i e l d ,  and M i s  t h e  m a g n e t i z a t i o n ,  the  d e f l e c t i o n  was a 
measure o f  -  4ffM •  H -8.  From th n  c a l i b r a t i o n  th e  v a lu e  o f  -4eM
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c o r r e s p o n d in g  to  the  d e f l e c t i o n  was c a l c u l a t e d .  For the next
m a g n e t i z a t i o n  p o i n t  a t  the same te m p e ra tu re ,  the m agne t ic  f i e l d
was f i r s t  tu rn e d  down to  ze ro  b e fo r e  the  heat  p u ls e  was tu rn e d  o f f
to  a vo id  any t r a p p in g  o f  the  m a g ne t ic  f l u x .  T h is  method was
fo l l o w e d  f o r  a l l  f i e l d  va lu e s  from H « 0 t o  H ■ H As thecz
measurement was made in  a f i e l d  t r a n s v e r s e  t o  the  a x i s  o f  the 
c y l i n d r i c a l  sample the  d e m a g n e t i z a t io n  f a c t o r  was de te rm in e d  by 
n o r m a l i z i n g  the s lop e  o f  -WM Vs H f o r  H < HcJ t o  the  s lop e  2 and 
the  c o r re s p o n d in g  Vs H was c a l c u l a t e d .
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